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ABOUT FLYCHK



Population Kinetics Modeling

Rate equations are solved for level population distributions for a
given plasma conditions

W, = BijJ_ij+ n.C + B + Ny AW, = A, + BjiJ_ji+ n.D; +n,(a} +a;)+n;s

e ij

B, Stimulated absorption A Spontaneous emission

C;; Collisional excitation B; Stimulated emission

- S D, Collisional deexcitation
y; Collisional ionization j

- a,°R Dielectronic recombination
B;; Photoionization (+st. recom)

— a,;"R Radiative recombination
(&)

\/ Y _ . .
W IAEA &, Collisional recombination



FLYCHK uses screened hydrogenic
levels (super configurations)

1s? (1)
Configuration Screened-  Finite Width
Hydrogenic Screened-
Hydrogenic




Level energy obtained with ionization
potential from its 15t continuum level

Bare-Nuclei H-like
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Configurations included in FLYCHK

L-shell lons
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Atomic processes included in FLYCHK

Bare-Nuclei H-like He-like Li-like
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FLYCHK Model : simple, but complete

FLYCHK > HULLAC / FAC / MCDF
(n) (nl) (nlj) (detailed-term)

e Screened hydrogenic energy levels with relativistic corrections

* Relativistic Hartree-Slater oscillator strengths (M. Chen) and
photoionization cross-sections (J. Scofield,+ Kramer)

* Fitted collisional cross-section to PWB approximation (M. Chen)

* Semi-empirical cross-sections for collisional ionization (A. Burgess)
* Detailed counting of autoionization and electron capture (M. Chen)
* Continuum lowering (Stewart-Pyatt, Ecker-Kroll)
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ABOUT FLYSPEC



FLYSPEC uses detailed (H, He, Li-like)
and Super Transition Array for spectra

1s2p 1P,
1s2p *Pq,1,
1s2s 15,
152535,

10181 eV

1s2 15,

N

[ 10280V

(1)(2)

10235 eV

= 10150 10200

Screened-
Hydrogenic

y

10300 10350 mi_S_{l 10200

IIII
II!
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Spectral Types

/<27 H Heand LI FLY model

Z >27 H,He and Li HULLAC data
(term levels up to n=4)

Be-like and lower Super Transition Array (STA)
charge states made with Configurations (jj)
1s, 2s, 2p, 2p*,
3s, 3p-, 3p*, 3d-, 3d",
Up to n=6




Energy-dependent spectral intensity in the
STA formalism

Spectra for specific E/ ranges: STA formalism

Spectra using configuration-average atomic data generated by the DHS
(Dirac-Hartree-Slater) code (M.Chen)

n, >.gexp(—E /kT,)A,EHv)

W=n,A E dv)=—24<8 _ BEGCHEEHNEGEESE]
HV)= 1, A E (V) S oo i)

ieAd:jeB

STA width
Zgi exp(—E;/kT,)4; Zgi exp(—E,/ kT, )A,E,; { ng exp(—E, /kTC)AUE,A: }2
/u;B -

__ i€AjeB _ i€djeB
A =ictict E
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_ | ieAdjeB 2
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Run time: Thu Mar 24 12:00:45

Input and output files = View files )

General Select output parameter v Go to plots )

Plots

a9 lonization Distribution Go to plots )

Spectra for specific EIA ranges
Spectra - - -

Synthesis ApproxXimate ol emissivities

of bound-bound transitions



Total line emissivity in the STA formalism

Screened-

Approximate total line emissivity: Hydrogenic

A plot show approximate line emission spectra and provides 12)
Information on energy range of dominant emission 10235 eV

S=n MA ulE ul /N o [eVcm3/s/atom]

Run time: Thu Mar 24 12:00:45

Input and output files View files )

General Select output parameter bl Go to plots J

Plots
E’ lonization Distribution Go to plots J

Spectra for specific E/A ranges o to s pec
Spectra pe pe 9 -ﬂ)

Synthesis Approximate total emissivities

Go o spectra }

of bound-bound transitions




APPLICATIONS



FLYCHK Help Pages

* http://nlte.nist.gov/FLY/Doc/Manual FLYCH
K _Nov08.pdf

* http://nlte.nist.gov/FLY/README.html
* http://nlte.nist.gov/FLY/EXAMPLE.htm|

* Click on the Question Marks

* http://nlte.nist.gov/FLY/Help/runfile.html
* http://nlte.nist.gov/FLY/Help/opacity.html
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http://nlte.nist.gov/FLY/README.html
http://nlte.nist.gov/FLY/README.html
http://nlte.nist.gov/FLY/EXAMPLE.html
http://nlte.nist.gov/FLY/Help/runfile.html
http://nlte.nist.gov/FLY/Help/opacity.html

Avalilable to the community at password-
protected NIST website: http://nlte.nist.gov/FLY

Advantages: simplicity and versatility— applicability

e <Z> for fixed any densities: electron, ion or mass

*  Mixture-supplied electrons (eg: Argon-doped hydrogen plasmas)

e External ionizing sources : a radiation field or an electron beam.

*  Multiple electron temperatures or arbitrary electron energy distributions
*  Optical depth effects

Outputs: population kinetics code and spectral synthesis

* <Z>and charge state distribution

* Radiative Power Loss rates under optically thin assumption

* Energy-dependent spectral intensity of uniform plasma with a size

Caveats: simple atomic structures and uniform plasma approximation

* Less accurate spectral intensities for non-K-shell lines

* Less accurate for low electron densities and for LTE plasmas

* When spatial gradients and the radiation transport affect population significantly

(£ 1IAEA
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http://nlte.nist.gov/FLY

Example: Radiative loss rates are important as
an energy loss mechanism of high-Z plasmas

Calculated Kr radiative cooling rates per N, # of radiative transitions

[eV/s/atom/cm3] using HULK code
lon HULLAC+DHS

3049
27095
30078

404328
3058002
5882192
/7808014
6202123
5544814

10 1050919
11 841094
Sum 30,851,708

—— Ne=1E16
—= -Ne=1E18
~- ~ -Ne=1E20
-+x--Ne=1E22
o+ Ne=1E24

O I[NV [P W|IN|H

T (keV)




Data for Radiation Hydrodynamics:
Kr Radiative loss rates over (Ne, Te)

Element: Kr

Commants: Rediative loss rates of Kr lons
The Jeve appled [P1FTet v, 5 5 re qires Jais P urfim & Erevironim erd iretelled,

_Run time: Wed Mar 7 00:30:44 ‘EIHIHIEI

118415 =
1.e+16 x
1.8+1T o
4 18418 &
1.a+18

1.8+ =~
4 1.e+21 T.esdl
1e+2d =
18433 » T1medd
] 1.e%dd &

16423

T

EEEEEREEREER

The radiative loss rates
show the similar coronal
behavior up to N,=10%
and the rate/N, stays
constant.

As N, increases, the
rate/N, decreases from
the coronal value

0.3 04 0.5 & (1} 0.8 09
Elactron Tempearature (aV)

Static plots: PDE | PS




Example: Gold ionization balance in high
temperature hohlraum (HTH) experiments

« High-T hohlraum reach temperatures: ~ 10 keV

 Spectrum from n, ~ 4x10%* cm3, T, ~ 7-10 keV
measured for first time

>
=
[72]
=
]
b
=
[«
=
E=
8
]
14

L-shell gold spectra (K. Widmann)

9600 9800

Spectroscopic data and calculation

—— FLYCHK 4 keV
— FLYCHK 7 keV
= FLYCHI B keV
—— FLYCHK 10 keV
FLYCHI 12 keV

no filter
Ta filter
— W filter

Ta 1um

—— W 1um L-Band data

Intensity [arb]

10.2 - 10.6x10°
energy [eV]

10000 10200 10400 10600
Energy (eV)

FLYCHK gives an estimate of Gold L-shell spectra



Long pulse laser plasmas:

Gold L-shell spectroscopy
FLYSRR

User: hchung

Fopimn ety

. -
Aromic Physics Divition ny

gy g

Title of thig/run: Gold L-shell spectra Run FLYCHK }  Clear )
Runfile Input Diagnostics ut: [
P
Parameter Input
arid Nuclear Charge ¢ 79[ ~|
-History Initial Condition ¢# |Non-LTE Steady State|~ | or "
Results System Evolution Non-LTE Steady State [~ ]
-Previous — B— \\
Electron T erature [E\JI x 10 y’alueg] nitial: 4000 Final: 10000 Increment: 2000
log out .
Density (Type Electron|~| (max )0 values) 2 itjal: 1=21 Final: 1222 Increment: 1U/ :
Mixture ¢ Zmix? Percent: Zoum:
Opacity Size (cm): Or history file: ||
Ion T; [eV] Tif Te: Fixed T:: Or history file: [
2™ Ta [eV] o 2nd Te: Fraction: Or history file: [
Radiation T, [eV] = Trad: Dilution : Or history file: [
Radiation Field ¢
EEDF ¢

Run FLYCHK )

Clear )

! FLYCHK at NIST is developed and managed by H.-K. Chung, M. Chen and R. W. Lee at LLML and ¥u. Ralchenko at NIST. This work was
performed under the auspices of the U.5. Department of Energy by University of California Lawrence Livermore National Laboratory

under Contract Mo, W-7405-Eng-438



STA spectra compared with
configuration-average spectra

FLYSPEC is running... List of Selected Cases
Temp Dens
40000 1e+21
6000.0 1.e+21
8000.0 1e+21

10000.0 1.e+21

Log file

12000.0 1.e+21
The Java applet (EtPlot v.5.5) requires Java installed.

Opacities efc.

@F“ﬁ“ﬁl Al filae in an archive

: — W10 9 FLyCHK 4 kev
—— FLYCHK 7 keV
—— FLYCHK B keV
— FLYCHK 10 keV
FLYCHK 12 keV

Run time: Thu Jan 19 0B:05:35

=
=

-
o

=
o

L-Band data

=
]

=
m

=
i

Intensityile-7 JSom2is/Hzisrad)
!:l (]
= -

Intensity [arb]

. . . . . . | . , . 10.0 10.2 10.4
084 096 085 1.00  1.02  1.04 106 1.08 1.0 energy [eV]

Eneray (eV)

10.6x10°




Example: Cu Ko radiation measured by single hit
CCD spectrometer and 2-D imager for T, diaghostics

8.048 keV Ka yield 500x500%30
(photons/Sr/J) N

100x100x20

@it Single Hit CCD
intiiny~ (U iMAQGET
single hit
Detector

Target volume (up 3)

Single Hit CCD Ka yield is higher than that of 2-D imager for smaller target volumes :

An experimental evidence of shifting and broadening of Ka emission lines in small
targets with high temperatures

(L) IAEA
N\ - £

——



Shifts and Broadening of Ka emission as a

function of electron thermal temperature
FLYCHK simulations

Average T.(eV) of targets

100x100x1
B

B 100x100x5

B 100x100x20

500x500x30
=

2d spacing
uncertainty S
—I-I'I'I'I'll'! I-llllq T llllq T ||||q T |||||q

10° 10° 10° 10’ 10°

Target volume (pp3)

sl

L=

- |
L =]
)




Short pulse laser plasmas:
Cu Ka Spectroscopy

User. hchun
’ FLYSPEC is running... List of Selected Cases

Runfile Input Case# Temp Dens

-Grid
-History Loa file 2 400 8.9e+00
Results LAl

-Current The Javs applet (PtFiot v.5 5) requires Java instslied. E 60.0 89e+00
-Previous 20.0 2 0g+00

. =l

Run time; Thu Jan 15 09:35:00 1000 8.9e+00

1200 8.9e+00

Dpacities etc. Spectira etc.
All files in an archive: Zip

b
fo’

L
n

h
n

2
=

Intensity(1 e-7 icm2rsiHzisrad)
[¥5)
=

-
in

8.00 8.01 a.0z 8.03 a.04 8.05 8.06 8.07 a.08 a.09
Enerdy (ev)

Help on spectra




Example: Photoionized plasmas produced by Z-
Machines — Astrophysical model benchmark

Imaging
urved crystal

spectrometer ' . Imaging
curved crystal

‘. 1-2 em spectrometer

. /
Transmission /

grating spectrometer

Absorption

3 200 eV
Planckian

r

@
=
=
-
.E
ED
=

2500
Energy (eV)

=

£=20-25 ergs-cm/s



Charge state distribution is a function
of N, and Radiation field strength

N, =1.95E19cm-3
Radiation field of 165 eV and 0.01 dilution

Without Radiation Field With Radiation Field

T l T T I T T l 1

— 30eV
— 60eV M
— 90eV ||
— 120eV
— 150 eV
180 eV
- 210eV|

2 | 14
Charge state Charge state




Photoionization equilibrium plasmas:
Fe Z-Pinch Plasma

User: hchung .
List of Selected Cases

Element: Fe
Runfile Input Case# Temperature Density Data

Parameter Input Comments: Iron steady state q 200 105e+19

-Grid The Jawva applet (PiFlot v.5.5) requires Javs installed.
-History 2 50.0 1.85e+19

Results
w3 3 70.0 1.95e+19
Sohu Run time: Fri Jan 20 04:49:59 il
-Previous T T T T T T 20.0 1.85e+19

log cut

110.0 1.95e+19
130.0 1.95e+19
150.0 1.95e+19
170.0 1.95e+19
190.0 1.95e+19

1
2
3
4
]
fi
7
a
]
a

210.0 1.95e+19

1

Relative lan Populations

o 12 14 16 18 20 22 24
lon Charge

Static plots: PDF | PS




Example: XFEL provides an opportunity for
HEDS plasma spectroscopy

Long-pulse laser is used to create warm- 1502210

dense-matter plasmas and then XFEL is used 1s%21#nl”
to probe the internal state. ——

t =0 laser \‘ p—
irradiates CH \ 1s12142nl

Visible
laser

with Mg dot

/, 1s5121Z-1n]” S

1s1214+1n)”
Inner-
t>1 ps XFEL
P Shell
pumps Mg
XFEL plasma
1.85 keV
5x1021° photons T. = 30-50 eV
X P I$|e=1023cm'3 Doubly-
excited
spectrometer
Bound

(£ 1IAEA
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In Warm Dense Matter regime the hollow ions
provide time-resolved diagnostic information

* XFEL forms unique states and provides in situ diagnostics with ~100 fs res.

* 5x10191.85 keV photons in 30 pm spot into a n_,=10%3 cm2 plasma
e Strong coupling parameter, I'; = Potential/Kinetic Energy ~ 10

2
@
c
[
£
£
o
2
k|
©
o

40 eV

E 50 eV C/!Q i

84 86 88 90 92 94 96 98 100 84 86 88 90 92 94 96 98 100
Wavelength (A) Wavelength (&)

- Steady-state Spectra at various T, * At high n, emisson lasts ~100 fs




XFEL ionized plasma:
Mg time-dependent K-shell spectroscopy

Lisi of Selected Cases |
— spectrumat 10fs |

—— spectrum at 124 fs )
|

FLYSPEC is running...

Toe
The Jeva applet (P1PS v § irequires Jyes Rurdess Erronenent instaled

J

E]“Im‘ﬂl Runi time: Wed Mar 7 00:05:08

I Pean drcrighan: UF LL-Srreen Mg oea (runfile cass)

Run time: Wed Mar 7 00:12:58

Even with 3.1 keV photons, the
(<Z> and hence the ionization
distribution do not change
significantly in 1000 fs.
However, the details in the K-
shell spectrum can change to
reflect the change in K-hole state
population.
This can lead to a pump
diagnostics
depression) removes a
- R LY L | highly excited states.
I T I ) 0 15t ) e YO R Unless the fluctuation is not
126 127 128 1290 130 131 132 133 134 135 136 an order of a charge, itis
. not a serious concern.

Hebo on soectra




Postprocessing electron kinetic

simulation

« SiO, aerogel targets doped with Ge or Ti for X-ray backlighter development
 1-D e- kinetic code FPI shows Non-maxwellian energy functions due to strong
laser heating and nonlocal electron heat flow -- J-P. Matte & K.B. Fournier

Tither of this nun F ogn 002 case-diagnostics on

Diagrostics out

Run FLYCHE J

Nuclear Charge & |12 |
Initial Condition & | Steady State = or
System Evolution

Time Histary File 1 1 Waers ehung 8 FROECTS Pl (0l d

Density Type o EbecLron |

Mixture @ Tywin’

Opacity < swofomy: [
lon T, [eV] & Ve o[
2 T, [eV] o mal: [
Radiation T, [eV] O Tres®

Fixesd T

—

Fragion: [
| oauton: |

TLFEEE L hi ;I {PROJECTS FPTel02.d

Ran FLYCHE J

Flun FLYCHKE )

Clear J

wiuﬂll'l-: Brcwie. |

T e [ e [
O mistory fite: |
Gr Rbstary e |
e Rhstary e |

Ov mawioey e |

Cliar |

Clear )

History input always includes thermal T,
EEDF is added as additional e- source

Runfile input can specify

==p]= ‘H@"Be théeonl¥ BE€source

AWATATAYAY SRS K|

0N 2 4

1031Q@E6M§m¢@6@mw§1%@&+oz
X 1B393sRTIDERIBEHopsaTEg-0306 8216 E+20

g @ﬁ@m@mﬁmmﬁmﬁm@ﬁ%
TR ORI R 7R 02

5;8;3%5&6@%4;@5%%% SO0 00

st 2 8.32656E+02 8.78906E+02
i’%ﬁ%%@@égbg S 35L103 9.0895E120

&P PIETQ0HE- QYB&IBEBQEHHMEME}%GEMZB

1¢&3 F96RN0RESPREFHRS BPH3L B3 40H 9 26 +03
4 5035 §3141R&03

time 0. 1l.e-9 41

end



Output: <Z>Is quite similar
with/without thermal e-

Using fe(E) with thermal e- Using fe(E) only without thermal e-

Element: Si Element: Si ]
Run time: Mon Mar 12 14:53:12 SlUES Run time: Mon Mar 12 18:03:53 = | ]
T T T T T 4 1':":|UUE‘1D n ﬂ3n [T T T T T T T T ] 1-W|:||:|E'||:| -
! 1 20000E-10 = 2.0000E-10 ®
- J0100E-10 @  028f 13.0100E-10 = |
4.0000E-10 = | | 4. 0000E-10 ®
040 F 4 5.0000E-10 = 026 5 0000E-10 =
024} .
LOEsr _o22f
=
E Boz20}
030
% 0,18
i i
}igu.?s i Eoas
18 So14
jZoaof §01z
H &
)
!E 01st 010
3 o8k
0.04]
0051 1
002
000 | ,_Llu - ] A i i o.00] .I_l i i
A L L L L L A L | 2 ' 'l i B i i .
18 19 20 21 22 23 24 25 18 18 20 21 22 23 24 25
Energy (eV) x10° Eneray (eV) x10°

0.0 0.1 0z 03 0.4 0.5 0 0.7 0.8 0s 1.0 o0 01 02 03 0.4 05 05 07 08 08 10

T (8} xio™ 4




Useful Examples
http://nlte.nist.gov/FLY/EXAMPLE.html

Please check the Screen shot of each case

[ S

Asornic Physics Divliion ,

User: hchung

Title of this run: Icase 1
Runfile Input Diagnostics output:

Parameter Input

o Nuclear Charge 7' |13 -
-History Initial Condition (¥ | Steady State ~| orupload file: | Browse... |

Results System Evolution @ | Steady State x|
=Previous

log out Electron Temperature@ Initial: ISD Final: I300 Increment: ISO
Density Type |Electron v| @' initial: [Te20  Final:  [{e24  Increment: 10

Mixture ' ix: Percent: Ii Znum' Ii

Opacity & Or history file: |
lon T, [eV] % T Fixed T;: I— or nmﬁw fite: |
2nd T_ [eV] & : Fraction: Ii Or history file: |
Radiation T, [eV] # Tras: Ditution : [~ Or history file: |

Radiation Field @ | Browse... |
EEDF ﬁh I Browse... |

_Run | Clear |

FLYCHK at NIST is developed and managed by H.-K. Chung, M. Chen and R. W. Lee at LLNL and Yu. Ralchenko at MIST. This work was performed under
the auspices of the U.S. Departmant of Energy by University of California Lawrence Livermore Mational Laboratory under Contract Mo, W-7406-Eng-48




