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Needs for higher precisions

FWHM obtained in these measurements are already at the Fano limit for solid state detectors

Precisions of 1 ~ 50 eV, depending on the statistics, can be reached with this FWHM  

These values of FHWM and sE are not enough for many other measurements:

Example: Kaon mass measurement

Example: Upper level measurements with very small G

Example: Fine splitting of kaonic atoms 
levels for cascade processes

Example: KHe widhts measured by SIDDHARTA
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Solved !!!



Bragg spectroscopy

nl = 2dsinqB

FWHM ~ 1-10 eV can be achieved depending on 
the quality of the crystal and the dimensions of 

the detectors

Natural background reduction from geometry

But….

- Small solid angles can be covered
- Typical efficiencies : 10-5 – 10-8

- Typical d (Si) ≈ 5.5 Å (good for E < 6 keV) 
- Typical source size 10-100 mm
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HAPG mosaic crystals: improving efficiency

Mosaic crystal consist in a large number of nearly 
perfect small crystallites. 

Mosaicity makes it possible that even for a fixed 
incidence angle on the crystal surface, an energetic 
distribution of photons can be reflected

Increase of efficiency
(focusing) ~ 50

Loss in resolution

Pyrolitic Graphite mosaic crystals (d = 3.354 Å):

• Bending does not influence resolution and intensity

• Mosaic spread down to 0.05 degree 

• Integral reflectivity ~ 102 higher than for other crystals

• Variable thickness (efficiency)

• Excellent thermal and radiation stability
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Von Hamos configuration: improving solid angle

VH configuration can further 
improve the signal collection 

efficiency.

In this configuration, also the vertical 
dimension of the X-ray source can be 

exploited
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VOXES: enlarging the source size

The shape of the “signal” beam 
can be optimized to increase the 
effective source size
 

On the other hand, this may lead 
to a worsening of the resolution

How big can a source be keeping FWHM < 10 eV?
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VOXES: setup

For a given X-ray energy the Bragg     
angle (θB ) and the curvature radius of 
the crystal (ρc ) completely determine 
the position of the source, the crystal 
and the position detector
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Given the energy and 
rc it is alwasy 

possible to find the 
optimal 

configuration to 
obtain the best peak 
position precision

Valid for all energies
(tested for 6-20 keV)

 

3 ,6
❑√ 4323

=0 ,0547𝑒𝑉

In the limit of a background 
free pure gaussian peak, the 

precision is related to the 
resolution via:

VOXES: results
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700 eV dynamic range (one shot)

Resolution still at 6 eV level (s)

>1 keV dynamic range

Resolution still at 1,2 ‰

Almost 2 mm source size

VOXES: results
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Lorentz fit Voigt fit

Gauss fit
Common s
Gauss fit

Which is the correct shape to be used for peak fitting?
(Natural linewidths are Lorentzian but….)

Is Voigt really better?

Akaike Information Criteria:

N = num of fitted points
p = num of fit parameters

(for N/p < 40)

For each model i the quantity e−0,5(AICcmin−AICi) is proportional to 
the probability of the i-th model to minimize the (estimated) 
information loss as good as the minimum AICc one.

Not much information 
loss using gaussian 

shape

VOXES: peak shape analysis
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Standard VH calibration: 

Semi VH calibration: 

Parametric form:

Given the small q values (sinq ≈ q), 
is it also possible to calibrate with a polynomial?

Information loss???

VOXES: energy calibration
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The (small) information loss is not influencing 
the peak positions

Also valid for higher and wider energy 
ranges (and higher q, Dq values)

VOXES: energy calibration
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Peak position and s well reproduced

VOXES: ray tracing simulations

The physical source size is 
large (2,5x 2,5 cm)

We want to check the 
effective source size 
dimensions as coming 
from ray tracing 
simulations

Software:
XOP → HAPG and ray tracing 
SHADOW → Visualization

Integrated in OASYS tool

Source 
energy
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VOXES: ray tracing simulations

Reflection efficiencies are also well reproduced and under control
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KC (5→4) @ 10261.5 keV NUMES simulations

Input energy: 10216,5 eV, G = 1 eV
Hits on detector (2D)

Hits on detector (1D projection)

Hits on HAPG (2D)
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s ~ 14 eV
Theoretical inputs 
are very important 
for RT simulations 

and feasibility 
studies



VOXES: a possible preliminary run

Available:

1) Multi - Crystal support structure
2) Target (Solid or Liquid/Gas)
3) Optics
4) Alignement support
5) Target box
6) Detector
7) DAQ (integ. KM)

Future implementations:

- Shielding around Detector
- Solid support structure

First run with KC for a feasibility test and 
background evaluation
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Possible run in parallel with SIDDHARTA-2 @ LNF 
in spring 2022



VOXES: future scenarios on DAFNE (1)
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Example of possible kaonic 
transitions to be measured with 

HAPG crystal spectrometer:

KN(6→5) : 7.6 keV
KN(7→5) : 12.1 keV
KN(8→5) : 15.1 keV
KN(7→6) : 4.6 keV
KN(8→6) : 7.5 keV
KN(9→6) : 9.6 keV
KN(10→6) : 11 keV

KN(11→6) : 12.1 keV
KN(10→7) : 6.5 keV
KN(11→7) : 7.5 keV
KN(12→7) : 8.3 keV

KO(5→4) : 18.3 keV
KO(7→5) : 15.9 keV
KO(6→5) : 9.9 keV
KO(8→6) : 9.9 keV
KO(7→6) : 6 keV

KO(9→7) : 6.6 keV

Pro : L
target

 ~ 100 mm

Con: K- stopping is more  
difficult  



VOXES: future scenarios on DAFNE
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Example of possible kaonic transitions 
to be measured with HAPG crystal 

spectrometer:

K6Li(3→2) : 15.1 keV
K6Li(5→3) : 7.7 keV
K6Li(4→3) : 5.3 keV

K7Li(3→2) : 15.3 keV
K7Li(5→3) : 7.8 keV
K7Li(4→3) : 5.3 keV

K8Be(5→3) : 14 keV
K8Be(4→3) : 9.6 keV
K8Be(6→4) : 6.8 keV
K8Be(5→4) : 4.4 keV

K9Be(5→3) : 14.1 keV
K9Be(4→3) : 9.6 keV
K9Be(6→4) : 6.9 keV
K9Be(5→4) : 4.4 keV

KC(6→4) : 15.7 keV
KC(5→4) : 10.2 keV
KC(7→5) : 8.9 keV
KC(6→5) : 5.5 keV
KC(8→6) : 5.5 keV

Trigger
(Scint + SiPMs / PMTs)

Degrader
(mylar)

Target 
(solid)



Conclusions
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 HAPG based Bragg spectrometers represents a concrete possibility for future sub-eV precision kaonic atoms 
measurements

 VOXES collaboration developed in Frascati a version of such a spectrometer, to be used also with sources up to 
mm/cm dimensions

 The obtained results are very promising, showing precisions and resolution (well) below 1 eV and 10 eV, respectively

 MC ray tracing simulations have been also performed, which proved to be solid and to perfectly match the data. All 
these ingredients represent a fundamental starting point for future application

 Possibility to perform parallel measurements with other detectors (1mm SDDs, CZT, etc.) to measure different lines 
of the same target(s)
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Theoretical inputs
 are very important for 

feasibility studies:

Which lines are interesting?

 Which are the expected 
widths?

Which are the main scientific 
goals? 

(widths, yields, positions, etc.)
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