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Calibration runs

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

First calibration day: right crystals (back view) Operational notes:
>> CALO was shut down, then turned on for the -LV @ 6V, HV @ 33V;
second calibration day on left crystals - WD threshold set to -5 mV;
>> no further shutdown for the rest of data taking (and physics runs) - CALO scanned in quarters as usual.
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Beam sharing issues

Reminder(s): At higher energies, due to CALO-beam geometry:
* CNAO scanning magnets cover a 20x20 cm? >> particles cross multiple crystals with higher probability
surface - one CALO quarter at the time; >> charge-sharing phenomena between neighbor crystals
e CALO front face is concave, not flat; become not negligible
* higher energies - higher range, but increase >> peak events collection for p @ 230 MeV and C @
for p is faster than for C. 330/400 MeV/u is harder.
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Beam sharing issues

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

...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.
>>p @ 230 MeV/u were discarded from subsequent analysis, due to the lack of “full energy peak” events.
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Temperature analysis
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Temperature analysis
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T corrections have small impact on calibration runs (in this Single crystal variations between calibration run 6874 and physics
case the difference between the average T on single crystal run 7029 (3 days later) are = 0.8°C - expected variation in ADC
and full CALO was = 10°C). response < 1%.



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



Peak analysis

Amplitude Amplitude
T [hAmpHisto_chs4 455_ hAmpHisto_ch126
300[— | Entries 2002 - | Entries 5288
- Mean 28.42 [ | Mean 398.1
_ | Std Dev 7.44 40? StdDev  138.4
250— -
B 35
200 301
- p @ 125 MeV = C @ 260 MeV/u
. 25—
150 — -
N 20—
100/~ 15
C 10
50— C
: i3 W i} H M l
OEEESEEEEEEES S FEE SR S . ha'.m ML h. wﬂmﬂm |||.‘||.‘hl| it
0 5 10 15 20 25 30 35 40 00 200 300 400 500 600
Amp (mV) Amp (mV)
First step: cutting out all events with amplitude > 0 in other crystals Sometimes, ~ all peak events feature small charge sharing with
>> events with multiplicity > 1 are discarded other crystals - underestimation of ADC response vs energy

>> what to do in such cases? How big is this underestimation?
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First correction attempt

ADC [mV]
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there’s no peak event for C @ 260 MeV/u.

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

E126 = Ebeam (NOmMinal energy) — E
- (ADC, E)i26 scatter plot to be fitted with a MBF.
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First correction attempt

Cross ener
¥ In cry 126, if we only preserve multiplicity = 1 events,

T 600 there’s no peak event for C @ 260 MeV/u.
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Second correction attempt

Amplitude of crystal with no peak at 260 MeV/u
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2D Histogram
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In this plot, the amplitude in Ch126 is plotted against the
sum of amplitudes in other crystals - let’s select the events
where sum in other crystals / sum in single crystal is < 5%.



Second correction attempt
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In this plot, the amplitude in Ch126 is plotted against the Now, the peak appears, and its position is
sum of amplitudes in other crystals - let’s select the events underestimated of < 5% - this correction method

where sum in other crystals / sum in single crystal is < 5%. is meaningful.



Peak analysis

Peaks are fitted with a crystal ball function- central
gaussian region and decreasing “tail” under a certain
threshold, to model small energy release events.
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Minuit2 fit status, covariance matrix, reduced chi-
square, etc. are always checked and the limits on
range and o are changed subsequently.

In some cases, small energy releases are
dominated by beam-sharing effects - fit with
Gauss function.
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Some data points were taken in both rounds, in order
to check stability - in almost all analyzed crystals,
shifting in peak position was < 2%.
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Peak analysis
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ADC response vs energy is then modeled
with a modified Birks function (MBF):

ﬁ_ A -dE/dx
dx 1+k-B-dE/dx

i

+ 1z + f)g;f'2

9
poax”

ADC(FE) =

At least 3 points per crystal are needed.
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Calibration status (front view)

broken / not responding

L]
. problematic/lacking points
[l

fit issues
3 points available

. few events @ highest energy

. 4 points available

Protons Carbon

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

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

—p1ADC — \/(pyADC)2 — 4ADC(ps ADC — py)

E(ADC) =
( ) 2(ppADC — pp)

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

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

>> integral resolution is calculated.
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Integral resolution (protons)

Proton @ 100 MeV/u Proton @ 125 MeV/u
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Integral resolution (carbon)

Carbon @ 115 MeV/u Carbon @ 200 MeV/u
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Residual distributions for MBF

- ob-
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In both cases, residual distributions are limited within 1% |Ef’if — EADC| < 1%

>> MBF reproduces nominal energy with the expected precision. Ef y
ar



pn’pﬂﬁamon

MBF extrapolation using HIT2022 parameters
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We tried using the power-law
coefficient (ao, ai)pi
extrapolated from HIT2022,
to reconstruct proton MBF
parameters (Po, p1, p2) for
each crystal @ CNAO2024
(see Alessandro’s
presentation).




pn’pﬂﬁamon

MBF extrapolation using HIT2022 parameters
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We tried using the power-law
coefficient (ao, ai)pi
extrapolated from HIT2022,
to reconstruct proton MBF
parameters (Po, p1, p2) for
each crystal @ CNAO2024
(see Alessandro’s
presentation).

Blue: RecEnergy in ch124 via direct MBF fit
Red: RecEnergy in ch124 via p; extrapolation
Green: RecEnergy in ch127 via p; extrapolation.
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MBF extrapolation using HIT2022 parameters
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We tried using the power-law
coefficient (ao, ai)pi
extrapolated from HIT2022,
to reconstruct proton MBF
parameters (Po, p1, p2) for
each crystal @ CNAO2024
(see Alessandro’s
presentation).

Blue: RecEnergy in ch124 via direct MBF fit
Red: RecEnergy in ch124 via p; extrapolation
Green: RecEnergy in ch127 via p; extrapolation.
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Energy is wrongly reconstructed, with no
systematic over/underestimation

>> power-law coefficient not only depend
on work conditions (i.e. HV power supply,
gain), but are crystal-specific!
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Conclusion

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

. ) Prot
Single crystal resolution . Hgﬁ:] _ _
@ HIT2022 o Carbon * For p, integral resolution was not below

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

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

- obtain power-law coefficients (ao, ai) for all crystals suitable for p and C calibration;

- within CNAO2024 work conditions, try reconstructing the kinetic energy of a different ion species
- “He produced during C - C fragmentation runs is the best choice;

- ‘He mass is our “bench-test”, to be obtained by the known formula:

:m: Eh’/[
u up-1

A,

In parallel:

- calibration must be completed for modules outside the central 4x4 subset;

- 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.
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Reminders (T calibration)
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Arduino reads temperatures in ADC
channels, to be converted into T values
via the Steinhart — Hart expression:

IN(1/T) = a0 + a1 In(Taoc) + &z IN(Taoc)?

Temperature
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By using the so-obtained three coefficients ao,
ai, a2, a custom script plots a T histogram for
each crystal. T is known with a 0.1 °C sensitivity.




Reminders (T calibration)

Why is temperature correction
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Reminders (simulated mass reconstruction)

Mass Z = 1

MassZ1_MC
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Beam sharing issues

Reminder(s):

« Each “screen-saver” run for calibration

covers a 20x20 cm? surface (one quarter);
e CALO front face is concave, not flat;
* higher energies -
increase for p than C).

higher range (faster

At higher energies, due to CALO-beam geometry:

>> particles cross multiple crystals with higher probability
>> charge-sharing phenomena between neighbor crystals
become not negligible

>> peak events collection for p @ 230 MeV and C @
330/400 MeVlu is harder.

T 9 o 8000 : : . 155
8 [ 4 . Proton Average emission depih FLUKA simulation by L. Scavarda. = - HIT 2022 data taking A 570 | 5
= P P u ~
E gL ® ProonEoPes = 7000 | ~a O p170
z L a Carbon, Average emission depth = * S ~a X Cl15| 445
7E- @ Carbon, Bragg Peak * € 000l ... ~. ® _ + C260
o = e ~ & D 40
6— . N I B | - S . O - =
- 2so0f 0 P Qomp. THE -3 (352
- = ""Q...""' ' £
51— = e B L @..:::::, 130 ¢
. . € 4000 |.. S
4 4 Fy g |23 é
C ] i o
- £ 3000 4 20
= ~ g
SE. .« . e s T g
- o | TP =
- . © 2000 W T A---:*.‘:*_;:‘; = o
2__ . - ‘E en rrnannny LTS |-|:T:-‘ 10
- 4 @ 1000
1—_ é R A g 4 5
— A =
0—...\....I.‘...\..\.I\,..I.\..I\...I.\..\.H.I.\.. 0 : . ' ' 0
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250

Energy [MeV/u] Beam position, x (mm)

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