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Outline	of	the	talk	

§  X-ray	spectroscopy	in	EBIT	plasma	
Ø  	Iron	x-ray	lines	of	astrophysical	interest	
Ø  Accurate	measurement	of	electron	collision	cross	

sections		
Ø  Preliminary	measurements	in	tungsten	

§  Electron	impact	ionization	cross	section	expression	
Ø  Relativistic	Binary	Encounter	Dipole	model		
Ø  Calculations	for	highly	charged	Kr	and	U	

§  High-precision	reference-free	measurements	of	x-ray	
transitions	in	ECRIS	plasma	
Ø  	Probe	and	provide	tests	of	BSQED	and	relativistic	

effects	
Ø  x-ray	standards.	



The	SIMPA	ECR	Ion	Source	Laboratory	

Double	Crystal		
Spectrometer	
(DCS)	



Double	crystal	spectrometer	

major components and Fig. 6 shows a picture of the spectrometer
components.

Both crystal supports are mounted on a single horizontal
table (Fig. 5,8), 6 cm thick and weighing ! 200 kg. Both supports
are built so that the crystals rotate around a vertical axis (Figs. 5,
2 and 3) passing through the center of the front surface of each
crystal. The spectrometer table and the rotating table supports are
made of a special alloy, LK3 (0.4% C, 1.8% Cr, 1% Al, 0.25% Mo),
chosen for its long-term stability. We used material that was
forged at a temperature of 1100 1C and a stabilized at 900 1C for
48 h. After machining, the different parts have been submitted to a
stabilization annealing at 825 1C for 24 h to release strains in the
material. The parts have then been finished by grinding the
different surfaces to 2 μm accuracy to insure excellent parallelism
of the two axes. The first crystal support weighs 63 kg and the
second one 80 kg.

The spectrometer table is mounted on a heavy-duty indexing
table (Figs. 5, 9), able to support the weight of the spectrometer
assembly ð ! 360 kgÞ, and rotate it to an arbitrary angle. The
assembly rotates around the same vertical axis as the first crystal
axis. The indexing table is directly fixed to the lower flange of the
vacuum chamber, on a surface that has been precisely machined.
Because the spectrometer table is not centered on the indexing
table, it is supported by a pair of conical wheels with precision ball
bearings. The conical part of the wheels (Figs. 5, 10) has been
ground to provide excellent contact. The conical wheels roll on a
metallic track (Figs. 5, 11), resting on the lower vacuum chamber
flange, with a system of adjustment screws. Both the track and the
cone surfaces have been hardened. The wheel positions can be
adjusted to compensate for the table weight. The vacuum chamber
weighs more than 1000 kg. It is placed on a support table with
adjustable anti-vibration feet. The whole chamber can be moved
for alignment with translation stages (Figs. 5, 13) made of two
flat greased metallic pieces. Four screws (Figs. 5, 16) allow for a
precise positioning of the chamber during alignment. The support
table itself (Figs. 5, 14) rests on the ground with adjustable
anti-vibration feet. The chamber can be pumped down to a
primary vacuum of 10 $ 2 mbar that reduces the absorption of the
low energy X-rays (around 3 keV), while being in a range of the
Paschen curve for air where the detector high-voltage (2 kV) does
not spark.

The rotation of the crystals is performed with precision step-
ping motors powered by a three-axis micro-stepping controller

Newport ESP301-3G, able to perform rotations as small as 0.017 in.
A Huber model 410 rotation stage is used for the first crystal, a
Newport RV80PP for the second crystal and a Newport RV240PP
for the detector. The angle of the first crystal is measured with a
Heidenhain ROD800 encoder with a sensitivity of 0.01 in. Absolute
angle is known with 0.5 in accuracy over a full turn. The electronic
control system uses the digital signal provided by the encoder to
maintain the position of the crystal to the set angle over long
periods of time. When the angle drifts too far away from the set
position, the system stops counting X-rays until the feedback
control brings the angle back to the set position. For the data
analysis, we use the average first crystal angle, and the standard
deviation is used to define the uncertainty. The measured value for
the first axis angle standard deviation ranges between 0.014 in and
0.065 in. These position fluctuations have a very small contribu-
tion to the total error budget. The second crystal angle is measured
to a precision of 0.2 in with a Heindenhain RON905 encoder, using
a Heidenhain AWE1024 controller for data processing. During data
acquisition, the second crystal rotates continuously at a roughly
constant speed. Fluctuations in the step size however, due to
backlash in the gears and non-uniformity in the stepping motor
magnetic field, lead to small variation of the time spent in each
bin. The scanning range is divided into a number of bins of
identical size (typically 100 bins of 5.7 in). The counts are stored

Fig. 5. Spectrometer setup: (1) vacuum chamber; (2) axis #1 (first crystal support with rotation stage and angular encoder); (3) axis #2 (second crystal support, rotation
stage, encoder); (4) X-ray detector rotation stage ; (5) crystal on second axis; (6) first axis crystal holder; (7) X-ray detector; (8) spectrometer table; (9) spectrometer table
rotation stage; (10) conic wheels; (11) tracks for wheels; (12) vacuum chamber anti-vibration feet with vertical positioning; 13) translation stages; (14) spectrometer support
table; (15) anti-vibration feet with vertical positioning; (16) positioning screws; (17) X-ray entrance; (18) bellows; (19) Be window; (20) SIMPA ECRIS; (21) optical window;
(22) bellows connection to vacuum pump; (23) pressure gauge and valve; (24) primary vacuum pump; (25) a and b flanges equipped with feedthroughs for cables and
cooling water.

Fig. 6. General view of the spectrometer.
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The	Bragg	condition: 		nλ=2d	sin(𝜃B)	
can	be	satisfied	in	two	orientations	of	the	second	crystal	

The	angle	difference	between	the	two	peak	positions	is	directly	correlated	
to	the	Bragg	angle	of	the	transition	in	question	according	to	

High-accurate	reference-free	measurements		

𝜃B	=	[180	−	(𝜃disp	−	𝜃	nondis)]/2	



DCS	simulations	
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§  Perform	several	simulations	with	the	
calculated	theoretical	energy	(Eth)	
and	different	Lorentzian	width	(𝜞L);	

§  Exp.	Gaussian	Broadening	(𝜞G);	

§  Interpolate	the	simulated	output	
spectra	with	splines;	

§  Fit	the	antiparallel	spectra	with	the	
parametrized	interpolated	functions	

𝐼(𝜃−	𝜃0)=𝐼max 𝑆(𝜃− 𝜃0)+ 
𝑎+𝑏𝜃	
§  Get	the	𝜒2	for	each	performed	fit	

with	the	optimized	fit	coefficients	by	
the		the	𝜒2	minimization.	

P. Amaro, et. al, Phys. Rev. Lett. 109, 043005(2012).
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The 1s2s 3S1 ! 1s2 1S0 relativistic magnetic dipole transition in heliumlike argon, emitted by the

plasma of an electron-cyclotron resonance ion source, has been measured using a double-flat crystal

x-ray spectrometer. Such a spectrometer, used for the first time on a highly charged ion transition,

provides absolute (reference-free) measurements in the x-ray domain. We find a transition energy of

3104.1605(77) eV (2.5 ppm accuracy). This value is the most accurate, reference-free measurement done

for such a transition and is in good agreement with recent QED predictions.

DOI: 10.1103/PhysRevLett.109.043005 PACS numbers: 31.30.J!, 12.20.Fv, 32.30.Rj

Detailed tests of bound-state quantum electrodynamics
are provided by simple systems like hydrogen, in which
transitions to the 1s level have been measured with an
accuracy of a few parts in 1014 [1,2] while the n ¼ 2
Lamb shift is known to a few ppm accuracy [3]. Helium
has been studied [4] and agreement between experiment
[5,6] and theory [7] in the fine structure is now very good.
Yet, a recent measurement of the Lamb shift in muonic
hydrogen (!p) [8] provides a proton charge radius 6:9"
away from the 2010 CODATA value [9] obtained by com-
bining results from hydrogen spectroscopy and electron-
proton scattering [10]. Investigations using systems with
different scales compared to the electron Compton wave-
length #-C ¼ 386:159# 10!15 m (the fundamental scale of
QED), different field strengths as measured by Z$ (Z is the
atomic number and$ $ 1=137the fine structure constant),
and different nuclear size corrections are required to pro-
vide stringent tests of bound-state QED and to explore
possible causes for this discrepancy.

One- and two-electron highly-charged ions provide sen-
sitive tests of bound-state QED, which vary as ðZ$Þ4 while
the dominant nonrelativistic contribution to the transition
energy varies like ðZ$Þ2. They allow us to explore a wide
range of Bohr radii to Compton wavelength ratios
rB=#-C $ men

2=ðm!$ZÞ. For the 2s Lamb-shift in !p,
it is $ 2:9. For the 1s shell this ratio ranges from 137 at
Z ¼ 1 to 7.5 at Z ¼ 18, 2.9 at Z ¼ 44 (identical to!p) and
1.1 at Z ¼ 92, taking into account relativistic corrections.
Yet, for the n ¼ 2 shell, this ratio is still 4.1 at Z ¼ 92. The
impact of the main QED corrections are quite different:
while the vacuum polarization is 100.3% of the 2s Lamb-
shift in!p, it represents only!2:6% for the 1s shell for H,

!7:6% for Ar, and !35:4% for U. The finite size correc-
tion varies like$ Z14=3. All these corrections can be better
understood by doing accurate measurements on a wide
range of atomic numbers in HCI and muonic atoms [11].
A number of accurate experiments have been performed

on the 1s22p ! 1s22s transition in lithiumlike ions up to
uranium [12,13]. These measurements have accuracies of
the order of the size of two-loop QED corrections to the
lower level energy [14]. Such !n ¼ 0 transitions have also
been measured in two-electron Si12þ with laser spectros-
copy to 0.8 ppm [15] and in U90þ [16]. Measurements of
n ¼ 2 ! n ¼ 1 transitions, even at high-Z, are not yet
sufficiently accurate to test two-loop QED corrections
[17]. Very high-Z systems are also very sensitive to nuclear
size corrections (see, e.g., [18]) and nuclear polarization
[19], which ultimately limits the accuracy of the compari-
son. The allowed 1s2p 1P1 ! 1s2 transition in He-like
argon has been measured to 1.9 ppm accuracy, relative
to the theoretical value of the Lyman $ transition in
H-like argon [20], and to 1.5 ppm without external refer-
ence [21]. Earlier absolute measurements on both the M1
and 1s2p ! 1s2 transitions of He-like V [22], were cali-
brated against a series of x-ray standards [23,24], reaching
an accuracy of $ 30 ppm. Half of this uncertainty is
associated with the difficulties associated with x-ray stan-
dards mentioned above. In beam-foil spectroscopy, the
in-beam calibration technique, which compares Lyman
and Balmer lines in first and second orders, yields accu-
racies of 34 ppm on H-like iron [25] and 15 ppm on H-like
Ge [26]. In the present work, we have used a double-crystal
spectrometer and an electron-cyclotron resonance ion
source (ECRIS) to perform a 2.5 ppm measurement of
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Natural	Width	<	10-6	eV	

Doppler	broadening	(FWHM)	of	80.5(4.6)	meV	

Ar	

P. Amaro, et. al, Radia. Phys.s and Chems 98, 132 (2014).



Latest	Measured	transitions	

§  4	x-ray	transitions	have	been	measured	in	3	different	argon	charged	

states:	

He-like	Ar:	1s	2p	1P1	→	1s2	1S0	

Be-like	Ar:	1s	2s2	2p	1P1	→	1s2	2s2	1S0		

	

	

Li-like	Ar:	1s	2s	2p	2PJ	→	1s2	2s	2S1/2,	J	=	1/2,	3/2		

J. Machado, et. al, Phys. Rev. A 97, 032517 (2018)



1s	2p	1P1	→	1s2	1S0	transition	in	He-like	Ar	
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Exp.	 Machado,	et	al.(2018)	 75	(17)	

Theo.	 Johnson	et	al.(1995)		 70.43	

Theo.	 Machado	et	al.(2018)		 70.4778	(25)		
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1s	2p	1P1	→	1s2	1S0	transition	in	He-like	Ar	
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Exp.	 Machado,	et	al.(2018)	 3139.5927	(80)	

Exp.	 Schlesser	et	al.(2013)		 3139.567	(11)	

Exp.	 Kubiček	et	al.(2012)		 3139.581	(5)

Exp.	 Bruhns	et	al.(2007)	 3139.583	(63)		

Theo.	 Machado	et	al.(2018)		 3139.584 (6)		
Theo.	 Artemyev	et	al.(2005)		 3139.5821	(4)		

Theo.	 Plante	et	al.(1994)		 3139.582		

Theo.	 Cheng	et	al.(1994)		 3139.617	



Summary	of	the	goals		

ü Presented	a	high	accurate	spectrometer		
ü Accuracies	up	to	few	ppm@keV	
ü Reference-free		

	
ü Provide	high-accurate	energy	and	widths	

ü  He-like,	Be-like	and	Li-like	Ar	
ü  Data	for	S	is	currently	being	analyzed	

ü Can	be	highly	profitable	in	spectra	diagnostics	based	
on	special	x-ray	lines,	specially	metastable	ones	

	



X-ray	spectroscopy	in	astrophysics		

NASA	CHANDRA		
HETG	High	Energy	Transmission	
Grating	Spectrometer	(0.4-10	keV)	
~1	eV@1	keV	

JAXA	ASTRO-H/Hitomi/XARM	
SXS	micro-calorimeter	(0.3-10	keV)	
~5	eV@6keV	

Cassiopeia	A	

ESA	XMM-Newton	
RGS	-	Reflection	Grating	
Spectrometer		(0.35-2.5	keV)	
~2	eV@1keV		Perseus	galaxy	cluster		

A.	Ogorzalek,	et	al,	Monthly	Notices	of	the	Royal	Astronomical	Society,	472	2017	

•  Interpretation	relies	heavily	on	atomic	data	and	
plasma	modeling	and	provides	diagnostics	of:	
•  Ionic	and	electron	temperatures		
•  Densities	and	elemental	abundances	
•  X-ray	opacities	and	velocity	turbulences		
•  Well-known	codes:	SPEX	and	AtomDB	
de	Plaa,	A&A,	539,	2012	and	refs	thererin		

S.	Bernitt,	et	al,	Nature,	472	(2012)	

Capella	system	Fe	XVII		

Fe	XVII		



XVII	Fe	L-shell	data	

	
•  		
•  		
•  3C/3D	ratio		

–  Low	cascade	contributions	
•  R.	Mewe	et	al,	A&A,	368,	888-900	(2001).	

–  3C	collision	strengths	inconsistent	with	
predictions	
•  e.g.	G.	V.	Brown,	et	al	PRL,	96,	253201	(2006)		
•  e.g.	S.	Bernitt,	et	al,	Nature,	472,	225	(2012)	

Important	lines	for	x-ray	opacity	diagnostics	based	on	photon	resonant	scattering		

1s2 2s22p6
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Fe	XVII=		Fe16+		 (Ne-like	Fe)	 ground	state-		

	
•  		
•  		
•  3F/(3G+M2)	ratio		

–  M2	is	optically	thinner	(M2	transition)	
•  J.	de	Plaa,	et	al		A&A,	539	(2012).	

–  Complex	cascade	contributions	
•  No	experimental	data	available	
•  Residual	theoretical	predictions	

Electrons	with	Maxwell	
or	other	thermal	distributions				



Atomic	processes	in	Fe	XVII	

•  sdfsdf	
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Atomic	processes	in	Fe	XVII	
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Atomic	processes	in	Fe	XVII	
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Atomic	processes	in	Fe	XVII	

Collision	excitation	(CE)	

L	

M	
N	
O	

Rydberg	

+	x-ray	

q  Investigate	how	the	
inclusion	of	the	
spectator	electron	after	
DR	converge	towards	
the	3C/3D	CE	

Goal	of	this	work	



Atomic	processes	in	Fe	XVII	

Dielectronic	capture	
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+	x-ray	

DR	channel	 elastic	e-	
scattering	

+	x-ray	

Inelastic	e-		
scattering	

		
		

Resonant	
inelastic	
electron	
scattering	
(RIES)	

q  Provide	data	
for	the	
3F+3G+M2	
lines	

	

Goal	of	this	work	



Experimental	setup:	electron	beam	ion	trap	

•  FLASH-EBIT	@Heidelberg		

•  Hot	plasma	with	a	monoenergetic	
electron	beam		

•  Scan	setup	

•  Electron	density	current	constant	

•  Evaporative	 cooling	 for	 a	 electron	
energy	resolution	of	5	eV@900eV	

0.5s	 40ms	40ms	

1	kV	

250	eV	

Si drift detector FWHM=120 eV@1keV 

Fe			XVIII	ioniz.	@1.26	keV					

Fe			XVII	ioniz.	@0.47	keV					

V	C foil 



Measurement	example		

•  sdfsdf	



Data	analyses		

•  2D	fit	with	detector	response	function	
•  Main	LMM	resonance	used	

Si	L	escape	peak	
tail	and	compton		

LI	Zhe,	et	al,	Nuclear	Science	and	Techniques	24	(2013)	060206	

f(x, y) = C1e
� (x�x0)2

2�2
x

 
C2e

� (y�y0)2

2�2
y + C3e

y�y0
�0
y Erfc

✓
y � y0
C4�y

+
�y

C4�0
y

◆!

<latexit sha1_base64="X6sOuymJPuODUwlhf5FCyUZlAGk="></latexit><latexit sha1_base64="X6sOuymJPuODUwlhf5FCyUZlAGk="></latexit><latexit sha1_base64="X6sOuymJPuODUwlhf5FCyUZlAGk="></latexit><latexit sha1_base64="X6sOuymJPuODUwlhf5FCyUZlAGk="></latexit>

Fit	

Residues	

Data	

�2/ndf = 1.6
<latexit sha1_base64="TQyVTGh+0COVt+1XoHwFcnJetvE="></latexit><latexit sha1_base64="TQyVTGh+0COVt+1XoHwFcnJetvE="></latexit><latexit sha1_base64="TQyVTGh+0COVt+1XoHwFcnJetvE="></latexit><latexit sha1_base64="TQyVTGh+0COVt+1XoHwFcnJetvE="></latexit>



Data	analyses		

Fit	

Residues	

Data	

103	

co
un

ts
	

co
un

ts
	

Sum	over	an	electron	energy	

Sum	for	a	photon	energy	



Cross	section	calibration	based	on	RR	
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G.	V.	Brown,	et	al	PRL,	96,	253201	(2006)	

•  RR	cross	sections	calculated	with	5%	error	
•  Similar	method	of		

E.	Saloman	et	al.,	At.	Data	Nucl.	Data	Tables	38,	1	(1988)	



Results	for	3C+3D+3E	

•  Region	of	interest	of	3C+3D+3E	for	the	entire	scan	

FAC-Flexible	atomic	code	

3C+3D+3E	

XVII	CI	
threshold	



Results	for	3C+3D+3E	

•  Region	of	interest	of	3C+3D+3E	for	the	entire	scan	

FAC-Flexible	atomic	code	

LMM	region	

3C+3D+3E	

XVII	CI	
threshold	



Results	3C+3D+3E	LMM	region	

Sum	over	photon	energy	
	

Sum	over	electron	energy	Preliminary	
	

•  FAC-Flexible	atomic	code	
•  Multiconfiguration	Dirac-Fock	

(MCDFGME)	code	of	P.	Indelicato	and	
						J.-P.	Desclaux			

•  J.	Nilsen,	Atomic	Data	and	Nuclear	Data	
Tables,	41,	131,	(1989),	
multiconfiguration	Dirac-Fock	

•  P.	Beiersdorfer	et	al,		ApJ,	793,		99,	
(2014)	relativistic	multi-reference	
Møller–Plesset	perturbation	theory	



Results	3C+3D+3E	CE	region	

•  G.	X.	Chen	and	A.	K.	Pradhan,	PRL,	
89,	013202	(2002)	30	eV	
broadening	;	G.	X.	Chen	PRA,	84,	
012705	(2011)	5	eV	broadening.	
Couple-cluster	Breit-Pauli/Dirac	R-
matrix	

•  S.	D.	Loch,	JPB	39,	85	(2005),	30	eV	
broadening,	relativistic	R-matrix	
calculation		

•  G.	Brown	et	al,	PRL,	96,	253201	
(2006).	Experimental	calibrated	
with	RR	(E.	Saloman	et	al.,	At.	Data	
Nucl.	Data	Tables	38,	1	(1988).)	
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Results	3F+3G+M2	

•  Region	of	interest	of	3F+3G+M2	

•  Complex	cascade	contribution	
from	forbidden	transitions	
into	ground	state		

•  Pronounced	contribution	of	
RIES	

S.	D.	Loch,	JPB	39	(2005)	85–104	



Electron	recombination	in	tungsten	

•  Energy	region	of	MNN		
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Summary	of	the	goals		

ü Investigate	how	the	inclusion	of	the	spectator	
electron	after	DR	converge	towards	the	3C/3D	CE	
q LMM	structure	predicated	over	the	electron	energy.	Photon	energies	

require	further	verification	
ü  No	conclusion	can	be	obtain	for	the	3C/3D	conundrum	in	the	CE	

region	within	the	error	bars		
ü  Pronounced	discrepancy	on	DR	after	n=4	
ü  Synthetic	maxwellian	emission	based	on	experimental	centroids	to	be	

compared	with	satellite-mission	spectra	

	
ü Provide	data	for	the	3F+3G+M2	lines	

ü  Agreement	with	theory	within	error	bars	
ü  RIES	mechanism	and	the	complex	cascades	are	predicated		

	



Relativistic	Version	of	Binary-enconter		Model	
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Scattering	Cross	Sections	

Ionization	cross	sections	

T									 			Kinetic	energy	of	the	incident	electron	
W 													Kinetic	energy	of	the	ejected	electron	
a0 	 			Bohr’s	radius	
R 	 			Rydberg’s	constant	
T-W 	 			Kinetic	energy	of	the	scattered	electron	
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Total	Ionization	of	Highly	Charged	Ions	
Modified	Binary	Encounter	Bethe	Model	



Total	Ionization	of	Highly	Charged	Ions	

Modified	Binary	Encounter	Bethe		model	 31	



Summary	of	the	goals		

ü Provided	cross	sections	based	in	the	MRBEB	
ü Several	ionization	states	of	Kr	
ü H-	and	He-like	U	

	
q Test	the	MBEB/MRBEB	expression	for	the	ionization	
of	ions	in	several	charge	states	

q Include	results	of	this	expression	in	a	user-friendly	
website	

	





Results	3C+3D+3E	CE	region	Maxwell	distribution	
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Results	3F+3G+M2	

•  Region	of	interest	of	3F+3G+M2	
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Fe	XVII	purity	during	scan	
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Mean    859.8
Std Dev     163.7
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