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Nuclear fusion reactions

<
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e Sun: p-p, very inefficient (slow & releases little energy)
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e D*+T* — a + n the most attractive:
- highest reactivity,
- highest energy gain (17.5 MeV),
- max. reactivity at lowest T (80 keV) 3
e Produces 14 MeV neutrons (not so good ®)
e 3.5 MeV «a particles heat the fuel (D* and T* ions)
e Temperature ~ keV = plasma!

0

2
n
® Pyys = np X ny X{av)pr X Epr X Vpy = —-(0v)pr X Epy X Vpy

10 ‘ !
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Self-sustained fusion conditions

e The plasma must be:
Total plasma energy

— stationary - Power balance: Py, = P,,; .\
w IDcond, conv
:>Pext+Pa_Pc0nd,conv=Pext+Poc_E>O I:)ext
Engineering Fusion reactions I
'Energy confinement
time'

— at 'ignition’ i.e. self-sustained: P,,; =

nz< X By 3 3InT
> — _
4 OV)pr DT = -

12T . .
= ntg = (Lawson criterion)
(ov)pTXEpT
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Self-sustained fusion conditions

12T

Temperature range: ntg = ooV omxEon (Lawson criterion)
o 12T
e Lawson criterion threshold: nty = py— depends only on T
DT DT

e Easiest to fulfill at T ~ 25-30 keV

e Energy stability considerations lower this optimum to[T ~ 15-20 keV ]

Density range:

25-30 keV

temperatute [keV]
i 2

mulﬂ':' 100 | 10 10
— DT

= DD

11}:!“- 1
10 10¢ 10° 10"

temperature [million Kelvin]

e Density must be maximised but electron density limited to[nmax~102°m‘

3)(empirical limit)

e 50-50 mix of fuel ions = np = ny = N0, /2
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Fusion power and radiative

2
® Prys = % (av)pr X Epr X Vp, : only if plasma is pure D+T

e With impurities (Z,n;): Nygy = Np +r + X, Zn,

_ (Mmax—2 an)z

'Pfus— "

(ov)pr X Epr X Vpy

e Power radiated by an impurity: P,,q = n.nyL,(T,)

w

e Power balance: P, = P,yt = (Poxt+) Py — — — Praq = 0
E

¢ INITER (P, # 0), the absolute limitis: P, g3 = Poyt + P,

e In a fusion plant at ignition (P,,; = 0), the absolute limitis: P, ,q = P,
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Fusion power and radiative losses

2
® Prys = % (av)pr X Epr X Vp, : only if plasma is pure D+T

e With impurities (Z,n;): Nygy = Np +r + X, Zn,

max_ZZ 2
® Prys = u 2 z) (ov)pr X Epr X Vp

e Power radiated by an impurity: P,,q = n.nyL,(T,)

e Power balance: P, = P,yt = (Poxt+) Py — Tm — Prga =0
E

¢ INITER (P, # 0), the absolute limitis: P, g3 = Poyt + P,

e In a fusion plant at ignition (P,,; = 0), the absolute limitis: P, ,q = P,
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Puetterich, Nucl. Fusion 2010

Radiative power losses are only one of
the reasons why impurities are studied
in fusion....

... and why radiation measts are so
Important...

... and why it is useful to know (some)
atomic physics ©
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1. Atomic & radiative processes

1.1 Charge-changing processes (1)

Ultra-dominant processes:

e lonisation: e- collisions X%t e » X@tD+ 4 20~
e Recombination: radiative XZt e~ - X@ Dt 5 x(z-D+ 4 py,
di-electronic XZt e - X@ Dt 5 x(@-D+ 4 pyy 4+ hy
In addition: e --_---_--: ______
|
e Auto-ionisation: 000006 —0—0—%—@—0—0-
>
e Charge exchange:  X#+ 4+ yat - x(@- D+ L y(g+1)+ S —e0——
—  oo— —  oo—
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1. Atomic & radiative processes

1.1 Charge-changing processes (2)

lonisation and recombination are 'fast' processes (ms) with respect to most plasma phenomena

L d d :
— we assume local ionisation balance: (—") = (—n) for each ion X%
dt /ionis dt/recomb
o Mz _ {ovzis = f, = —= = fractional abundances
nz+1 (0.”)107115 Z ntot

lalitrogen local ionisation equilibrium

10 0 ARGON local ionisation balance Ar - Arl8+
M~
(| -
i —
I I
o o
107° E—
102 10° 10!
10! 102 103 Electron temperature (eV)

Electron temperature (eV)
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1. Atomic & radiative processes

1.1 Charge-changing processes (2)

lonisation and recombination are 'fast' processes (ms) with respect to most plasma phenomena

o d d :
— we assume local ionisation balance: (—") = (—n) for each ion X%
dt /ionis dt/recomb

rec

n v n .
=>—2 = % = f, = — = fractional abundances
Nz+1  (0V)z Ntot

1 e

: 28+ - 37+ 44+ - 45+ 464 - 554 56+ - 61+ |
| RELTEC P S S

[ | SIS /7 - OSSR B SRS TR0 o S
10 : A *:‘;3;( \ "" SRR ¢:¢’¢.¢£*’:’v’ :
K /

i¥a,

2N

Fractional abundance

SR 5 PORRIEIKIIRS
| NSRRI
' W \ ‘
LA NSO
Plisma edge 10° ey < 101 S
€ Plasma centre
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1. Atomic & radiative processes

1.2 Level-changing processes

Ultra-dominant processes:

e Excitation: e- collisions XT +e” - X +e”

e De-excitation: spontaneous decay X% 5> X%t + hy (including cascades)

Collisional excitation & spontaneous decay are fast (< ms) with respect to plasma phenomena
— we assume population equilibrium

Coronal equilibrium << n~102m=3 << LTE

|

Collisional-radiative model
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1. Atomic & radiative processes

1.1 (back to) Charge-changing processes

e The detailed calculation is performed by a collisional-radiative model which solves:
dN

dtc =0= ZNCIT(C' - ) — ch T(c - c")
c/ c/

e The results depend strongly on the number and the nature of the configurations in the model
Puetterich, Nucl. Fusion 2010

— M Colgan, Atoms 2015
03’_ 4keV 9 ] 70 ———rrrry —
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lonisation equilibrium is still an issue
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1. Atomic & radiative processes

1.3 Radiative processes

Continuum

e Bremsstrahlung:

Measurements ~—_|

Modelled

Bremsstrahlung —~
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EbT-OCZ

ng
eff rp

Lefr = ZZ“ZZ2
e Recombination radiation: much weaker

Kawamoto, Plasma Fusion Res. 2021
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1. Atomic & radiative processes

1.3 Radiative processes

Continuum Discrete
n2 e Spontaneous decay:
e Bremsstrahlung: Epr X Zoppr—m=, Zorr = YyN L2 . .
J br ersy Jr,, el Lz7z - most prominent in measured spectra
e Recombination radiation: much weaker - takes away most of the radiated power
- contains useful information
6 107 Pulse T5#41?49 EUV spectmmeter
Tore Supra
571
Grating: 2400 grooves/mm T o= 2.6keV,n =3.7x10"" m™3
30 LAAL LA D LA L83 AR | i b (xdsy | SR Iefnn ol | f=d0 a0 0 | PRl St s ' riabatoRied g BAS A LELS LRt at A R P I
P v 3 e 2 W @j @ '
o FEAST & wow= 8 3 UN\WRe e ] Es
g7 205 % @l . :’:’ 3 3 = W \\\\ '.-'\.,__"\v’v‘ww \..,\ \‘VV‘"!V‘""; ]
s " AR R 5 W NNV e W\ | >
& by =z | W W g, w ‘). \ .']’.W”' W“'\\\\l
©10F = 6/0 \ | W s “/v(:i"){' N Lwees
—~ = | ) 1
- 7 MM W W
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Z Xu et al. Nucl. Instrum. Meth. A, 1010 165545 (2021) 240 250 260 270 280 290 300
Wawvelength (A)
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1. Atomic & radiative processes

1.4 Wavelength range

Photon energy depends on energy level
T, ~ 100s eV or keV

T.~eVorl0seV
E a continuum c
©) —2 v
Excitatlon ;Ilz:: ; >
©-Eee®
e)-e)

A

continuum
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2. Visible spectroscopy - sources & recycling

TP | y
Ve S ST
)

2.1 Source observation ... and those two a ’ R
(LH antennae) '

What is to be observed? Everything in contact
with the plasma This (limiter)

N
‘‘‘‘‘

,,,,,,,,,,

... and that one too
(ICRH antenna)

...that (divertor plate)
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2. Visible spectroscopy - sources & recycling

X
2.2 Flux measurements oy
e lonisation flux: o e Excitation (GS-j) flux:
[ = noneS £ = noneX;

(S: ionisation rate coeff.) (¥;: excitation rate coeft)

e lOonisation to excitation ratio:

[; S
rexc = )7 _ _
e Population equilibrium: J J e Observation of one spectral line:
exc _ pdecay Y. nA Y. A F?ecay Lk AjkAjp 1
=T - n;Aj, = n; - = n:A: — Sk JVP —

jp jp jp

e |onisation flux as a function of measured line intensity

S S
W=l Xx g =X \xB)
Jp
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2. Visible spectroscopy - sources & recycling

X+
2.2 Flux measurements

s

XO

'SXB' coefficients can be calculated... and sometimes (rarely) determined experimentally

100—‘ .
He 1468.57"nm /msf.u_wm
~C1909.500m
7 e, I PEmeaansone s nnann
OI441.49"m aod W (40 88 nm) i |mexpB (ns~scan)
H1656.Zanm 80 1. h EXpD (r-??an)
g 104 /CrILZS,LBnmEZJ e 10 S
L”é L RCILLEL T4 m gg 60 l Tio i .
S 1= CI 51452 m 13 . l § .
£ £z 50 == HL—'—* -
E Cr142543nm (1) 5 40 : }‘
3 @ {4+ T
E S 5 A S
g 20
S |
10 : : : :
O*Lf 0 10 20 30 40 50 60 70 80 90 100
10 50 100 200 b) edge electron temperature T_[eV]

Electron temperature (eV)

Pospieszczyk, Fusion Sci. Techn. 2006 Brezinsek, Phys. Scr.. 2017
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2. Visible spectroscopy - sources & recycling

2.3 Spectral lineshape for recycling

¢ In magnetic fusion, all lines are Zeeman-split
e Populations with different temperatures: 1.5-2.5 eV — D, dissociation

20-25 eV — D+ backscattering, CX (D* D)

Escarguel, Contrib. Plasma Phys. 2002

1 L
Da '\ Cold
0.8 /
0.6
0.4
0.2_ . o
8560 6562 6564
A (A)
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2. Visible spectroscopy - sources & recycling

2.3 Spectral lineshape for recycling

¢ In magnetic fusion, all lines are Zeeman-split
e Populations with different temperatures: 1.5-2.5 eV — D, dissociation
20-25 eV — D+ backscattering, CX (D* D)

e |ineshape can be complicated: angle wrt B, line of sight, D source processes, fuel mix, reflections,...

Pulse No: 85844: Time = 10.05s, I, = 2.0e+0.6A, B;= 2.8e+00T
Neg = 5.8e+19 m=3, Tgy = 2.6e+03eV, P,y (NBI) = 7.5e+06W, Py, (ICRH) = 2.0e+06W, RIG = 1.2e01m, ROG =4.8e-02m
%108 : lirfck 1 «10* : lirtack 12
2.0 DSL/Total = 0.25 -- Inner SOLL 2.0 DSL/Total = 0.26 -~ Inner SOLL
--- Quter SOLL == Outer SOLL
Outer /Total = 0.40 -~ DSL Outer /Total = 0.24 -~ DSL
H/(H+D) = 0.038 H/(H+D) = 0.057
= 1.5 1.5
-% Inner SOL Temp: Inner SOL Temp:
Y 1.0eV (200%) Outer SOL Temp: 1.5eV (21:/°) Outer SOL Temp: L-O-S
@ 6.4V (6%) 0.1eV (3%) 9.0eV (18%) 0.1eV (4%)
£ 1.0 Non-Maxw: 6% 156V (30%) 1.0 Non-Maxw: 1% |, 1.5eV (16%)
é 276.6eV (9%) Non-Maxw: 6% 9?~BEVN§I11“»6_)?D/ ro FAU Y Non-Maxw: 6%
= 24.9eV (7%) on-Maxw: 7% [ v i 0 74.7ev (4%)
Non-Maxw: 7% o N4l Non-Maxw: 4%
0.5 0.5+ 4 PR AR ‘\
VRN 2
P e '\\‘\ g
0 = | S e 0 A | BERES STTEY Y 2
655.7 655.9 656.1 656.3 656.5 655.7 655.9 656.1 656.3 656.5 DIVERTOR
Wavelength (nm) Wavelength (nm) (Straylight)
e Atomic and molecular fluxes e H/(H+D) e n, if high enough (Stark broadening)

@ Joint IAEA-ICTP School on atomic and molecular processes in plasmas - May 2026 03/05/2026 21



2b. Visible spectroscopy - with beams

2.4 Charge exchange recombination spectroscopy (CXRS)

Xzt 4 ya+t - ¥ (@Z=1D+=x + y(@+1)+

e Interesting properties in case of atomic D beam:¥9* =D
High-l excited state populated only by CX

e Examples: He?* + D - He™ + D* n=4-3 468.52 nm
Co% +D - C>** + Dt n=_8-7 529.06 nm
Nel®* + D — Ne®** + D™ n=11-10 524.49 nm

e Photons in the visible range: technically (relatively) simple and flexible
Reliable intensity calibration
spectral resolution suitable for Doppler analysis

— Impurity density, velocity and temperature in the core
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2b. Visible spectroscopy - with beams

2.4 Charge exchange recombination spectroscopy (CXRS)O5 | ' : ArX\I/||| :
’ I I i1 n=16-16 I g
Xzt 4 yat 5 x(@- D+ 4 ylg+D+ 04 | RIS
b [/lunidentified 7 T
| Iy . | I ]
e Case X%t = Arl7+ ya+ = D: Arl7+ +D — Arl6+= + Dt 03k ! A " unidentified
’ ' | N I |
' 'Be I “ i |
3 | iflch 1 4 I N

0.2f =
T T B rdrar

"; £ ilin; a‘..!
v 1 T

584.5 585.0 5855 586.0 586.5 587.0
2.0

N I b A \ﬂ(\’\""’J Fdge tor OXRS] [Edge pol. xRS
eutra eam o NBI Box 1
1} -y N ]

Y d 1 \\ -

Spectroscopy lines of sight _

Eol

>

Ar XVII
n=15-14
479.3 nm

1.5

1.0F

0.5}

8T0Z uoIsn4 ‘|o1ju0? "sAud ewse|d ‘NOWIQIN

478.0 4785 479.0 4795 480.0 480.5
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2b. Visible spectroscopy - with beams

2.4 Charge exchange recombination spectroscopy (CXRS)

| 1 |
AL TR
X7 4 YO+ S xE-Db 4y RN e
I lunidentified ] I I :
e Ex: X%t = Ar17+, Yat = D: Arl7t + D - Arlét* 4 Dt 0.3 : :I I ! '== u:ﬂde t:'ﬁed ]
| ‘ N/ Iy |
| F H 1 & I 1
e (Doppler) line width — lon temperature o2fy | ¥ _¥IHY ,:\__:,:‘ ol Ll
e Line intensity — emitter density, provided beam attenuation 5845 5850 5855 5860 5865 587.0
precisely known 2.0r ' - T -
(but this is yet another chapter of the atomic processes...) : :ArXV”
=T | n=15-14 ]
479.3 nm
e n, and T, exp. values up to the centre Lok : 1
e Impurities up to Ar (Z=18) - i ]
e CX cross sections must be well known : ]
e Line fitting can be difficult (passive component) 0°r I L

478.0 4785 479.0 4795 480.0 480.5
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2b. Visible spectroscopy - with beams

2.4 He beam for edge n_, and T,

e Neutral He: singlet and triplet

E 4 Parahelium, | Orthohelium,
(eV) singlet state S=0 | triplet state S=1
n's 'P'D 'F ! 3 P D F
24.6 : ionization limit
24 |
|
|
23 - |
|
22 |
|
|
21 i
|
20 - |
|
> |
0T1 — L —

Griener, Phys. Plasma Phys. Control. Fusion 2018

Muioz Burgos, Phys. Plasmas 2019

Very useful at low T, and n, — exact calculations not so easy

x102 Te and ng ratios from the new CRM
0~z ‘ Te5 j
9 1 )
ol +— 706.5 nm/728.1 nm: T,
7t | ~667.8nm/728.1 nm: n,
& 6
S s
< al
sl
2,
W) ) S AH A G o 18]
0 20 40 60 80 100 120 140 160 180 200
Te (eV)
Schmitz, Phys. Plasma Phys. Control. Fusion 2008
, g @ | 300, % % (f)
™3 %%’i‘ : Eﬁﬁﬁ}{
= b
mE 1.5 Iﬂl S‘ 200! }HE{
= edge TS % = 4 !
= 1 s = - edgeTS giﬁg
e ‘ 100} ey
0.5 N‘e beam Eij%He beam
l H i
0 . L “eotuora, 0 ‘ L bk
0.35 0.4 0.45 0.5 0.35 0.4 0.45 0.5
radius [m] radius [m]
03/05/2026
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3. (V)UV - Impurity density & transport
3.1 Local ionisation equilibrium and impurity density

e Electron temperature determines location of ionisation stages

v 28+ - 37+ 44+ - 45+ 464 - 55+ 56+ -61+ ]
S /7 - l RS T e E 5T o0 = e ofsian
€ 107! - -4 P SRR SIRIRRR S SR A E ometer
2 : S /""'l‘\f"””fff”ﬁ“y”’ ; N _
S BN P K A RIS
: 7RO DL RANKXY
T Lo .. A‘\\\&\&&!"f")"f"(‘ﬂ“’&“&“ gzﬁgi:ls:;n |
10° 10t line of sight _
T, (keV) -1.0F W23+ |

1.0 R[m]15 2.0 25
Puetterich, APIP Conf. 2013
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3. (V)UV - Impurity density & transport

3.1 Local ionisation equilibrium and impurity density

e Electron temperature determines location of ionisation stages
e Even with a single line of sight, localised measurement (sort of...)

1 nz
Bi; = EjnenZ,ZPEC dl = —jneanZZPE SAdl~—

1

Yy W42+ W 44+
line: 129.41 A " line: 132.88 A

.
8
&

0.4

5000
W 43+ W 45+
line: 126.29 A : line: 127.12 A 4000

3000
2000

1000

0

Time (s) Time (s)
Guirlet, Plasma Phys. Control. Fusion 2022
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-0.5-

1.0+

1.0 R[m]'5 2.0 25

#18727 at 2.83s |
Te contral =2-1keV |

e,

or line of 559"_‘1
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W23+
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Puetterich, APIP Conf. 2013
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3.1 Local ionisation equilibrium and impurity density

e Electron temperature determines location of ionisation stages
e Even with a single line of sight, localised measurement (sort of...)

n j —
Bij~ 3  efz:PECz,7dl = nz ~

3. (V)UV - Impurity density & transport

1

0.8
_ 0.6
5

0.4
0.2

tor

W42+

line: 129.41 A

line: 126.29 A

Time (s)

4-1TBi]'

B

1
0.5 [AIRAS 6000
1000 line: 132.88 A
0.6 4000
500 0.4
2000
0.2
0 0 0
1 5000
1500
0.8 4000
1000 0.6 3000
0.4 2000
500
0.2 1000

0

Time (s)
Guirlet, Plasma Phys. Control. Fusion 2022
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1017 .

n,, calculated from line brightnesses

G W42+ 129.41A

H—kK W43+ 126.29A
W44+ 132.88 A

OH—  was+127.12A

T, (ECE) 5-10

O‘,‘
|'
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3. (V)UV - Impurity density & transport

3.1 Local ionisation equilibrium and impurity density

n,, calculated from line brightnesses

1017 .

e Electron temperature determines location of ionisation stages
. . . . . G—=€ W42+129.41A
e Even with a single line of sight, localised measurement (sort of...) J—k  wase 126294

nz Lj — 41 B j B———0 W44+ 132.88 A

f W45+ 127.12 A

1016 WEST55506 - Profils n,,, [m~] @/-:
| | | | | 5 — - J
t=5s 4

43
4t (W3t t=6s

PEC wrong? >
n, assump. wrong?

nW (m 3)

4.5

t=7s
L o Te(ECE)S-IO

t=7.5s

LH

2t PICRH(/""‘
0.15 0.2 0.25 0.3 [ 1

rhom' 0 . — o fai 1
5 5.5 6 6.5 7 1.5

Guirlet, Plasma Phys. Control. Fusion 2022 Time [s]
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3. (V)UV - Impurity density & transport

3.1 Transport

e Transport determines the history of impurity ions from source to sink (edge)
e Magnetised plasmas: governed by charged particle collisions + turbulence
e Relevant quantity: flux [, =-D,Vn, +V,n,

e Weak transport means good confinement (bad for impurities!)

e Transport coefficients are not measured = empirical
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3. (V)UV - Impurity density & transport

3.1 Transport
e Transport determines the history of impurity ions from source to sink (edge)

e Impurities are produced at the edge

e Once ionised, they move along the field lines == 0.8
e Due to collisions... and turbulence, 0.6
they are transported acros iNES o 0.4
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3. (V)UV - Impurity density & transport

3.1 Transport
e Relevant quantity: flux [, =—=D;Vn, +Vyn,
e Transport coefficients are not measured = empirical method
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3.1 Transport
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4. Soft-X ray for ion temperature and velocity

4.1 He-like spectrum
e Small number of low excited states, close to each other

e Forbidden lines generally strong S e Cushman, Rev. Scl. Instr. 2008
. . . . i % w . 1
e Lines easily identified | ﬁ Central View i
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4. Soft-X ray for ion temperature and velocity

4.2 'Imaging' spectrometers

e Concave crystal

e Wavelength in one direction, line of sight in the other
e Can provide ion temperature and velocity profiles
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Summary - Conclusions

e In MCF plasmas, emission from visible to X-ray can provide information
e Mostly on impurities but not only (electron and ion temperature)
e Visible-UV — plasma edge, VUV-SXR — confined plasma
e \Whole variety of atomic physics data necessary:
lonisation rate coefft.
Recombination rate coefft.
Photon emission coeff. (spectral lines)
Beam attenuation coefficients
Cooling functions (total and SXR)
e Beam spectroscopy broadens possibilities but uses different coeff.
e \W brings a lot of concerns from the operational point of view...
e ... and a lot challenges from the atomic physics point of view
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