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Calibration runsCalibration runs

FirstFirst calibration day: right crystals  calibration day: right crystals (back view)(back view)
>> CALO was shut down, then turned on for the>> CALO was shut down, then turned on for the
          secondsecond calibration day on left crystals calibration day on left crystals
>> no further shutdown for the rest of data taking (and physics runs)>> no further shutdown for the rest of data taking (and physics runs)

(Back view)(Back view)(Front view)(Front view)
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Calibration runsCalibration runs

Operational notes:Operational notes:
- LV @ 6V, HV @ 33V;- LV @ 6V, HV @ 33V;
- WD threshold set to -5 mV;- WD threshold set to -5 mV;
- CALO scanned in quarters as usual.- CALO scanned in quarters as usual.

During the second During the second 
calibration round:calibration round:
- M32-9 unplugged due - M32-9 unplugged due 
to tripping;to tripping;
- M9-6 threshold was set - M9-6 threshold was set 
to -10 mV (noisy to -10 mV (noisy 
channel).channel).

Scanning with:Scanning with:
- - p @ 100, 125, 150, 170, p @ 100, 125, 150, 170, 
230 MeV230 MeV
- - C @ 115, 200, 260, 300 C @ 115, 200, 260, 300 
MeV/u MeV/u (also 400 MeV/u (also 400 MeV/u 
was attempted, but then was attempted, but then 
discarded due to beam-discarded due to beam-
sharing issues)sharing issues)

(Back view)(Back view)(Front view)(Front view)

FirstFirst calibration day: right crystals  calibration day: right crystals (back view)(back view)
>> CALO was shut down, then turned on for the>> CALO was shut down, then turned on for the
          secondsecond calibration day on left crystals calibration day on left crystals
>> no further shutdown for the rest of data taking (and physics runs)>> no further shutdown for the rest of data taking (and physics runs)
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FLUKA simulation by L. Scavarda. FLUKA simulation by L. Scavarda. 

Beam sharing issuesBeam sharing issues

Reminder(s): Reminder(s): 
● CNAO scanning magnets cover a 20x20 cmCNAO scanning magnets cover a 20x20 cm22  

surface → one CALO quarter at the timesurface → one CALO quarter at the time;;
● CALO front face is concave, not flat;CALO front face is concave, not flat;
● higher energies → higher range, but increase higher energies → higher range, but increase 

for p is faster than for C. for p is faster than for C. 
  

At higher energies, due to CALO-beam geometry:At higher energies, due to CALO-beam geometry:
>> particles cross multiple crystals with higher probability>> particles cross multiple crystals with higher probability
>> charge-sharing phenomena between neighbor crystals >> charge-sharing phenomena between neighbor crystals 
become not negligiblebecome not negligible
>> peak events collection for p @ 230 MeV and C @ >> peak events collection for p @ 230 MeV and C @ 
330/400 MeV/u is harder.330/400 MeV/u is harder.
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Beam sharing issuesBeam sharing issues

Sometimes, higher statistics is required (or more scanning precision)... Sometimes, higher statistics is required (or more scanning precision)... 

C @ 260 MeV/uC @ 260 MeV/u C @ 330 MeV/uC @ 330 MeV/u



  
6

……sometimes it’s not enough! sometimes it’s not enough! 
Even though the range of p in BGO is ≈ 7 cm, very few particles cross this full length due to the scanning geometry.Even though the range of p in BGO is ≈ 7 cm, very few particles cross this full length due to the scanning geometry.
>> p @ 230 MeV/u were discarded from subsequent analysis, due to the lack of >> p @ 230 MeV/u were discarded from subsequent analysis, due to the lack of “full energy peak” events.“full energy peak” events.

Beam sharing issuesBeam sharing issues

p @ 230 MeV p @ 230 MeV 

With p @ 230 MeV, statistics should be 4 times With p @ 230 MeV, statistics should be 4 times 
higher than with C @ 330 MeV/u in order to actually higher than with C @ 330 MeV/u in order to actually 
separate peak events from beam sharing ones.separate peak events from beam sharing ones.

C @ 330 MeV/u C @ 330 MeV/u 
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Temperature analysisTemperature analysis

- M35-3 (308 in shoe) T sensor not - M35-3 (308 in shoe) T sensor not 
working, but amplitude signals are working, but amplitude signals are 
properly read out.properly read out.

- M32-9 (hardware num, 287 in shoe) sensor - M32-9 (hardware num, 287 in shoe) sensor 
is working, but crystal was unplugged during is working, but crystal was unplugged during 
the second round due to tripping;the second round due to tripping;

- M15-6 (131 in shoe) is - M15-6 (131 in shoe) is workingworking but T  but T 
calibration coefficients are wrong (this calibration coefficients are wrong (this 
crystal was unplugged last year due to crystal was unplugged last year due to 
tripping);tripping);
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Temperature analysisTemperature analysis

Single crystal variations between calibration run 6874 and physics Single crystal variations between calibration run 6874 and physics 
run 7029 (3 days later) are ≈ 0.8°C→ expected run 7029 (3 days later) are ≈ 0.8°C→ expected variation in ADC variation in ADC 
response < 1%.response < 1%.

T corrections have small impact on calibration runs (in this T corrections have small impact on calibration runs (in this 
case the difference between the average T on single crystal case the difference between the average T on single crystal 
and full CALO was  10°C).≃and full CALO was  10°C).≃
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Peak analysisPeak analysis

First step: cutting out all events with amplitude > 0 in other crystalsFirst step: cutting out all events with amplitude > 0 in other crystals
>> events with multiplicity > 1 are discarded>> events with multiplicity > 1 are discarded

p @ 125 MeVp @ 125 MeV
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Peak analysisPeak analysis

First step: cutting out all events with amplitude > 0 in other crystalsFirst step: cutting out all events with amplitude > 0 in other crystals
>> events with multiplicity > 1 are discarded>> events with multiplicity > 1 are discarded

Sometimes, ~ all peak events feature small charge sharing with Sometimes, ~ all peak events feature small charge sharing with 
other crystals → underestimation of ADC response vs energyother crystals → underestimation of ADC response vs energy
>> what to do in such cases? How big is this underestimation?>> what to do in such cases? How big is this underestimation?

p @ 125 MeVp @ 125 MeV C @ 260 MeV/uC @ 260 MeV/u
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First correction attemptFirst correction attempt

In cry 126, if we only preserve multiplicity = 1 events, In cry 126, if we only preserve multiplicity = 1 events, 
there’s no peak event for C @ 260 MeV/u.there’s no peak event for C @ 260 MeV/u.

However, if a neighbor crystal However, if a neighbor crystal ii is already calibrated,  is already calibrated, 
we can try reconstructing the energy in 126 as: we can try reconstructing the energy in 126 as: 

EE126126 = E = Ebeambeam (nominal energy) – E (nominal energy) – Eii  
→ → (ADC, E)(ADC, E)126 126  scatter plot to be fitted with a MBF. scatter plot to be fitted with a MBF.
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First correction attemptFirst correction attempt

In cry 126, if we only preserve multiplicity = 1 events, In cry 126, if we only preserve multiplicity = 1 events, 
there’s no peak event for C @ 260 MeV/u.there’s no peak event for C @ 260 MeV/u.

However, if a neighbor crystal However, if a neighbor crystal ii is already calibrated,  is already calibrated, 
we can try reconstructing the energy in 126 as: we can try reconstructing the energy in 126 as: 

EE126126 = E = Ebeambeam (nominal energy) – E (nominal energy) – Eii  
→ → (ADC, E)(ADC, E)126 126  scatter plot to be fitted with a MBF. scatter plot to be fitted with a MBF.

Unfortunately, events with multiplicity = 2 below Unfortunately, events with multiplicity = 2 below 
200 MeV/u are denser, thus “privileged” by MBF fit200 MeV/u are denser, thus “privileged” by MBF fit
>> >> the peak position is not well reconstructed (280 the peak position is not well reconstructed (280 
MeV/u instead of 260 MeV/u)MeV/u instead of 260 MeV/u)
>> new multiplicity cut to be attempted.>> new multiplicity cut to be attempted.



  

Second correction attemptSecond correction attempt

In this plot, the amplitude in Ch126 is plotted against the In this plot, the amplitude in Ch126 is plotted against the 
sum of amplitudes in other crystals → let’s select the events sum of amplitudes in other crystals → let’s select the events 
where sum in other crystals / sum in single crystal is < 5%.where sum in other crystals / sum in single crystal is < 5%.



  

Second correction attemptSecond correction attempt

Now, the peak appears, and its position is Now, the peak appears, and its position is 
underestimated of < 5% → underestimated of < 5% → this correction method this correction method 
is meaningful.is meaningful.

In this plot, the amplitude in Ch126 is plotted against the In this plot, the amplitude in Ch126 is plotted against the 
sum of amplitudes in other crystals → let’s select the events sum of amplitudes in other crystals → let’s select the events 
where sum in other crystals / sum in single crystal is < 5%.where sum in other crystals / sum in single crystal is < 5%.
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Peaks are fitted with Peaks are fitted with a crystal ball function→ central a crystal ball function→ central 
gaussian region and decreasing “tail” under a certain gaussian region and decreasing “tail” under a certain 
threshold, to model small energy release events.threshold, to model small energy release events.

In some cases, small energy releases are In some cases, small energy releases are 
dominated by beam-sharing effects → fit with dominated by beam-sharing effects → fit with 
Gauss function.Gauss function.

Peak analysisPeak analysis

Minuit2 fit status, covariance matrix, reduced chi-Minuit2 fit status, covariance matrix, reduced chi-
square, etc. are always checked and the limits on square, etc. are always checked and the limits on 
range and σ are changed subsequently.range and σ are changed subsequently.

Some data points were taken in both rounds, in order Some data points were taken in both rounds, in order 
to check stability → in almost all analyzed crystals, to check stability → in almost all analyzed crystals, 
shifting in peak position was shifting in peak position was <<  2%2%..
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ADC response vs energy is then modeled ADC response vs energy is then modeled 
with a modified Birks function (MBF):with a modified Birks function (MBF):

At least 3 points per crystal are needed.At least 3 points per crystal are needed.

Peak analysisPeak analysis
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Calibration status (front view)Calibration status (front view)

broken / not respondingbroken / not responding

problematic/lacking pointsproblematic/lacking points

fit issuesfit issues

3 points available3 points available

4 points available4 points available

few events @ highest energyfew events @ highest energy

ProtonsProtons CarbonCarbon

Let’s focus on the central 4x4 ones >> more useful for fragmentation analysis.Let’s focus on the central 4x4 ones >> more useful for fragmentation analysis.
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Energy correctionEnergy correction

>> equalized energy spectra corresponding to a >> equalized energy spectra corresponding to a 
single nominal beam energy are summed upsingle nominal beam energy are summed up

>> a histogram is obtained, then again fitted with >> a histogram is obtained, then again fitted with 
a crystal ball functiona crystal ball function

>> integral resolution is calculated.>> integral resolution is calculated.

For green/light green single crystals (among the 4x4 For green/light green single crystals (among the 4x4 
central ones), energy could be reconstructed via the central ones), energy could be reconstructed via the 
inverse equation:inverse equation:

p @ 125 MeVp @ 125 MeV
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Integral resolution (protons)Integral resolution (protons)

Resolution is Resolution is around 3%around 3%;;
in addition to this, the ratio in addition to this, the ratio 
between peak and low energy between peak and low energy 
events progressively builds up events progressively builds up 
@ higher beam energies, due @ higher beam energies, due 
to beam sharing phenomena.to beam sharing phenomena.
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Integral resolution (carbon)Integral resolution (carbon)

In carbon, In carbon, energy resolution is energy resolution is 
well below 2%well below 2%. In this case, . In this case, 
low energy events due to low energy events due to 
beam sharing are limited within beam sharing are limited within 
0 and 50 MeV/u0 and 50 MeV/u
>> geometrical reasons to be >> geometrical reasons to be 
further investigated.further investigated.



  

Residual distributions for MBFResidual distributions for MBF

In both cases, residual distributions In both cases, residual distributions are limited within 1% are limited within 1% 
>> MBF reproduces nominal energy with the expected precision.>> MBF reproduces nominal energy with the expected precision.



  

MBF extrapolation using HIT2022 parametersMBF extrapolation using HIT2022 parameters

We tried using the power-law We tried using the power-law 
coefficient (acoefficient (a00, a, a11))pipi  
extrapolated from HIT2022, extrapolated from HIT2022, 
to reconstruct proton MBF to reconstruct proton MBF 
parameters (pparameters (p00, p, p11, p, p22) for ) for 
each crystal @ CNAO2024each crystal @ CNAO2024
(see Alessandro’s (see Alessandro’s 
presentation).presentation).



  

MBF extrapolation using HIT2022 parametersMBF extrapolation using HIT2022 parameters

We tried using the power-law We tried using the power-law 
coefficient (acoefficient (a00, a, a11))pipi  
extrapolated from HIT2022, extrapolated from HIT2022, 
to reconstruct proton MBF to reconstruct proton MBF 
parameters (pparameters (p00, p, p11, p, p22) for ) for 
each crystal @ CNAO2024each crystal @ CNAO2024
(see Alessandro’s (see Alessandro’s 
presentation).presentation).

BlueBlue: RecEnergy in ch124 via direct MBF fit: RecEnergy in ch124 via direct MBF fit
RedRed: RecEnergy in ch124 via p: RecEnergy in ch124 via p ii extrapolation extrapolation
GreenGreen: RecEnergy in ch127 via p: RecEnergy in ch127 via p ii extrapolation. extrapolation.

p @ 125 MeVp @ 125 MeV



  

MBF extrapolation using HIT2022 parametersMBF extrapolation using HIT2022 parameters

We tried using the power-law We tried using the power-law 
coefficient (acoefficient (a00, a, a11))pipi  
extrapolated from HIT2022, extrapolated from HIT2022, 
to reconstruct proton MBF to reconstruct proton MBF 
parameters (pparameters (p00, p, p11, p, p22) for ) for 
each crystal @ CNAO2024each crystal @ CNAO2024
(see Alessandro’s (see Alessandro’s 
presentation).presentation).

BlueBlue: RecEnergy in ch124 via direct MBF fit: RecEnergy in ch124 via direct MBF fit
RedRed: RecEnergy in ch124 via p: RecEnergy in ch124 via p ii extrapolation extrapolation
GreenGreen: RecEnergy in ch127 via p: RecEnergy in ch127 via p ii extrapolation. extrapolation.

p @ 125 MeVp @ 125 MeV

Energy is Energy is wrongly reconstructedwrongly reconstructed, with , with no no 
systematic over/underestimationsystematic over/underestimation

>> power-law coefficient not only >> power-law coefficient not only depend depend 
on on work conditionswork conditions (i.e. HV power supply,  (i.e. HV power supply, 

gain), but are gain), but are crystal-specificcrystal-specific!!



  

ConclusionConclusion

● By applying a new multiplicity cut, an integral resolution < 2% was achieved for the central 4x4 modules, By applying a new multiplicity cut, an integral resolution < 2% was achieved for the central 4x4 modules, 
in spite of beam sharing issues.in spite of beam sharing issues.

Single crystal resolution Single crystal resolution 
@ HIT2022@ HIT2022 ● For p, integral resolution was not below For p, integral resolution was not below 

2%: this was already known from the 2%: this was already known from the 
Heidelberg 2022 campaign, during Heidelberg 2022 campaign, during 
which 2 crystals were calibrated which 2 crystals were calibrated 
singularly (no screen saver runs), thus singularly (no screen saver runs), thus 
excluding beam sharing issues.excluding beam sharing issues.

● MBF parameters must be corrected with MBF parameters must be corrected with 
respect to Z for each crystal specifically.respect to Z for each crystal specifically.
How to assess whether this is done How to assess whether this is done 
effectively?effectively?



  

In parallel:In parallel:
- calibration must be completed for modules outside the central 4x4 subset;- calibration must be completed for modules outside the central 4x4 subset;
- integral resolution of the detector must be measured with all functioning crystals;- integral resolution of the detector must be measured with all functioning crystals;
- does energy reconstruction still show good resolution performances when multiplicity > 1? To be checked.- does energy reconstruction still show good resolution performances when multiplicity > 1? To be checked.

Upcoming tasksUpcoming tasks

In order to assess the CALO energy reconstruction performances we need to:In order to assess the CALO energy reconstruction performances we need to:

- obtain power-law coefficients (a- obtain power-law coefficients (a00, a, a11) for all crystals suitable for p and C calibration; ) for all crystals suitable for p and C calibration; 
- within CNAO2024 work conditions, try reconstructing the kinetic energy of a different ion species- within CNAO2024 work conditions, try reconstructing the kinetic energy of a different ion species
  →   → 44He produced during C → C fragmentation runs is the best choice;He produced during C → C fragmentation runs is the best choice;
- - 44He mass is our “bench-test”, to be obtained by the known formula:He mass is our “bench-test”, to be obtained by the known formula:



  

??



  

Reminders (T calibration)Reminders (T calibration)

Arduino reads temperatures in ADC Arduino reads temperatures in ADC 
channels, to be converted into T values channels, to be converted into T values 
via the Steinhart – Hart expression:via the Steinhart – Hart expression:

ln(1/T) = aln(1/T) = a00 + a + a11 ln(T ln(TADCADC) + a) + a22 ln(T ln(TADCADC))33

By using the so-obtained three coefficients aBy using the so-obtained three coefficients a00, , 
aa11, a, a22, a custom script plots a T histogram for, a custom script plots a T histogram for
each crystal. T is known with a 0.1 °C sensitivity.each crystal. T is known with a 0.1 °C sensitivity.



  

Why is temperature correction 
necessary?

Analysis carried out on a single crystal shown Analysis carried out on a single crystal shown 
that ADC signals due to beams with same that ADC signals due to beams with same 
energy decrease linearly with temperature.energy decrease linearly with temperature.

Reminders (T calibration)Reminders (T calibration)

Temperature correction Temperature correction 
only slightly changes only slightly changes 
the distribution of the the distribution of the 
parameters pparameters p00, p, p11 and  and 
pp22 used for the energy  used for the energy 
calibration. calibration. 



  

Reminders (simulated mass reconstruction)Reminders (simulated mass reconstruction)

A A
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In addition to this, readout amplitude depends on how In addition to this, readout amplitude depends on how particle-crystal interaction is close to the SiPM.particle-crystal interaction is close to the SiPM.
  

FLUKA simulation by L. Scavarda. FLUKA simulation by L. Scavarda. HIT 2022 data takingHIT 2022 data taking

Beam sharing issuesBeam sharing issues

Reminder(s): Reminder(s): 
● Each “screen-saver” run for calibration Each “screen-saver” run for calibration 

covers a 20x20 cmcovers a 20x20 cm22 surface (one quarter) surface (one quarter);;
● CALO front face is concave, not flat;CALO front face is concave, not flat;
● higher energies → higher range (faster higher energies → higher range (faster 

increase for p than C). increase for p than C). 
  

At higher energies, due to CALO-beam geometry:At higher energies, due to CALO-beam geometry:
>> particles cross multiple crystals with higher probability>> particles cross multiple crystals with higher probability
>> charge-sharing phenomena between neighbor crystals >> charge-sharing phenomena between neighbor crystals 
become not negligiblebecome not negligible
>> peak events collection for p @ 230 MeV and C @ >> peak events collection for p @ 230 MeV and C @ 
330/400 MeV/u is harder.330/400 MeV/u is harder.
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