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Chapter 4
Data Analysis

The main objective of this chapter is to describe how the observables, such as, the energy
and the scattering angle of the recoil particles are reconstructed. Before extracting the in-
formation from the raw data, calibration of different components of the detector setup is
needed. This chapter begins with the conventions used during data taking and data anal-
ysis followed by the details of the calibration procedures. Methods for track reconstruction
inside MAYA, drift-time measurement and identification of the incoming 56Ni beam and the
recoil α-particle will be discussed.

4.1 The conventions

An event is composed of the following raw data:

• charges induced on the cathode pads in MAYA;

• charges deposited on the anode wires (the charges deposited on the wires have not
been used for track reconstruction or particle identification);

• timing information from the amplification wires;

• charges in the Si detectors;

• charges in the CsI detectors.

In addition, the plastic scintillator before MAYA (see Fig. 3.3) gives information about the
number of incoming beam particles.
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CHAPTER 4. DATA ANALYSIS

Figure 4.1: An event with the charge projection from the beam and the recoil-particle ionization
(left panel) and the timing information from the corresponding amplification wires (right
panel).

Figure 4.2: Convention used for the cathode pad in MAYA.

Convention for the anode wires and the cathode pads

In Fig. 4.1, a typical event with two-dimensional charge projection of the beam and recoil
particle is shown. The third dimension is obtained from the timing information of the anode
wires. Reconstruction of the drift-time will be discussed in Section 4.3.2.
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4.2. CALIBRATIONS

Figure 4.2 shows the conventions used throughout the analysis procedure concerning the
cathode pads. The segmented cathode plane in MAYA is divided in two areas by the beam:
left side with respect to the beam direction includes the rows of pads below wire#17 and
right side includes rows above wire#17. Each pad is labeled with indexes (i, j) with i being
the column number and j the row number. The corresponding charge on the pad (i, j) is
denoted as qij. The origin (0, 0) is selected at the top left corner of the pad with the positive
y-axis pointing downwards, opposite to the Cartesian coordinates.

Since 56Ni is an exotic nucleus and it is produced by In-Flight fragmentation (see Section 3.2.1),
the beam is not a pencil beam; it has an emittance. Although the 56Ni beam is parallel to
row#17 but it spreads over three to four rows from row#15 to row#19.

The anode wires run parallel to the rows of the cathode pad plane. Wires#16,17, and 18 will
see electrons drifting downwards mainly from the beam ionization path. From Fig. 4.1, it
can be seen that the wires#19− 27 will see electrons drifting downwards from the ionization
path due to the passage of the recoil particle.

For the recoil particles that stop1 inside MAYA, the range of the particles and therefore their
energies can be extracted. From the charge projection of the recoil particle, the Bragg peak
can be identified. The position of this peak provides information about the range of the
recoil particle but projected in “two dimensions” (R2d). The angle between the projected
beam and recoil particle trajectory is the two-dimensional scattering angle (θ2d). From the
timing information of the anode wires, both R2d and θ2d can be corrected for the third di-
mension. Details of extraction method of range and scattering angle for the recoil particle
will be discussed in Section 4.3.

The relationships between the actual range (R) and the scattering angle (θ) and their two-
dimensional projections on the cathode pad plane which eventually give R2d and θ2d along
with the φ angle obtained from the timing information from the wires are shown in Fig. 4.3.
The coordinate axes are also shown.

4.2 Calibrations

4.2.1 Calibration of the cathode pads

In order to ensure that all 1024 pads (32×32) have identical response to the same signal, i.e.,
they are gain matched, a proper gain matching of the pads is needed which is in turn useful

1Recoil particles that punch through MAYA volume are discarded in the present analysis.
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CHAPTER 4. DATA ANALYSIS

Figure 4.3: Relations between projected range (R2d) and scattering angle (θ2d) and actual range (R) and
scattering angle (θ) are shown. The φ angle is the angle of the reaction plane with respect
to the plane parallel to the cathode pad plane.

for placing a common threshold for all pads. To proceed with the pad gain matching, we
used a pulse generator. A signal was sent to the 32 amplification wires to mimic a real event
in which wires are fired by the electrons drifting towards them and charges are induced
on the pads. This process was repeated for five pulse signals of different amplitudes not
separated equally from each other (see Fig. 4.4) to test the non-linearity especially in the
lower channels of ADC, since we expect signals from low-energy recoil particles. A linear
fit is performed to correct for the response of each pad.

In Figs. 4.4 (a) and (b), charges seen by the pads are plotted against the corresponding pad
numbers. The first two rows of the cathode pads are unusable as they were not functioning
during our experiment. Also few pads in row#7 were not functioning. Furthermore, there
are also side effects which make the pads closer to the edges of the cathode pad plane un-
usable too. To overcome these problems, simulations have been done accordingly, in order
to take care of this effect for the efficiency correction (see Chapter 5).

In Figs. 4.4 (c) and (d), the charges on the pads are shown before and after gain matching.
They are obtained by projecting the charges on the y-axis in Figs. 4.4 (a) and (b), respectively.
The peak at position 0 after gain matching shows the pedestal. It should be noted here that
this is a relative gain matching and there is no equivalence at this point between the charges
induced on the pads and the energy of the ionizing particle.
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Figure 4.4: Cathode Pad calibration: Responses from all cathode pads are plotted against pad numbers
a) before gain matching and b) after gain matching. Responses from all cathode pads are
shown c) before gain matching and d) after gain matching.

Typical relative charge-resolution of a single pad is 2.3%. Although the charges on the pads
are proportional to the energy of the ionizing particle, energy of the particle is not deduced
from the charges on the pads because of the poor charge-resolution but rather from the
range obtained by projecting the pad charges. A comparison of the energy resolution of the
ionizing particle obtained from the pad charges and from the range, is given in Chapter 5.

4.2.2 Time Calibration of the amplification wires

To obtain the same timing response of the amplification wires, a time calibration of the wires
is necessary. A Time-Calibrator module, which generates pulses with a period of 2.56 µs
within a range of 10.24 µs, was used for this purpose. In order to get the channel to time
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CHAPTER 4. DATA ANALYSIS

Figure 4.5: Time responses of 32 amplification wires for a pulse signal of period 2.56 µs generated by
a Time-Calibrator module before calibration (left panel) and after calibration (right panel).

equivalence, a linear fit for the response of each wire is performed. Figure 4.5 shows the
results of time calibration. Wire#24 was not functioning during the experiment. Typical
time resolution of an anode wire is 3.5 ns (FWHM).

For an ADC, when no event is recorded, a value is produced which corresponds to the
pedestal (or 0 if calibrated). But in case of TDC an event can occur at time t = 0 and in
TDC it belongs to channel zero. In order to avoid such confusions in defining “no-event”
condition and since only the relative timing information is relevant in the analysis for this
experimental setup (see Section 4.3.2), a non-zero time-offset (in this case 100 µs) is applied
to each wire so that t = 0 also means that there is no event.

4.2.3 Calibration of the ancillary detectors

Si detectors

For calibration of the Si detectors (see Fig. 3.14, right panel), a 4α-line source was used.
The source is 226Ra, which emits α-particles of energies 4.78 MeV, 5.49 MeV, 6.0 MeV, and
7.69 MeV (the smaller peaks in Fig. 4.6 (d) are also due to the α-particles in the decay chain,
see Appendix A) through its daughter nuclei (222Rn, 218Po, and 214Po) [73]. Each energy
peak is fitted with a Gaussian and a linear fit is performed for the peak positions to get the
channel to energy correspondence. In Fig. 4.6 (a) and (b), the energy deposited in the Si
detectors is plotted versus the Si-detector number (hereafter referred to as Si#) to show the
goodness of the Si-detector calibration. It is clear from the figure that Si#14 is not functioning
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Figure 4.6: Calibration of the Si normal output (see text for details).

and Si#1 is noisy as compared to the other Si detectors. The total response of all Si detectors
before and after the calibration is shown in Fig. 4.6 (c) and (d), respectively.

The energy resolution of one Si detector is typically 60 keV (FWHM) for the 7.69 MeV peak.
The total energy resolution of all Si detectors for the same 7.69 MeV peak is 65 keV (FWHM)
which means that the error introduced from the effect of imperfect gain matching is 25 keV
(FWHM).

Since the normal outputs from the Si detectors are amplified 10 times (10×) to increase the
ADC dynamic range for detection of light particles, calibration has also been done for 10×
output of the Si detectors, using the same 4α-line source for the dynamic range of 0 to 8 MeV.
The energy resolution of 10× output of Si detector is also around 60 keV (FWHM) for the
7.69 MeV peak.
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Figure 4.7: Responses of the CsI detectors before (left panel) and after (right panel) gain matching.

CsI detectors

Calibration of the CsI detectors (see Fig. 3.14, left panel) is not straightforward because of
the non-linear response and the particle-dependent light emission for the same energy loss
in the CsI detector [74]. A three-step calibration procedure for the CsI detectors has been
performed:

• Pulser signals of three different amplitudes were sent to the CsI detectors. To gain-match
80 individual CsI detectors, the responses from those detectors were fitted linearly:

Vpulser = apulser ∗ channel + bpulser (4.1)

where Vpulser is the pulser amplitude. The slope and the offset of the linear fit are apulser and
bpulser, respectively.

Figure 4.7 shows the results before and after the pulser signal gain matching. CsI#33 was
not functioning during the experiment. Due to the high gain in CsI#7 & 25, the last pulser
peak was out of the range.

• The absolute response of each CsI detector was checked with the same 4α-line source
used for the calibration of the Si detectors. The α-peak of energy 7.69 MeV is well separated
from the other three peaks (see Fig. 4.8). For each CsI detector, the position of the 7.69 MeV
α-peak was determined in terms of channel number (xα). Typical relative resolution of a CsI
detector for the 7.69 MeV α-peak is roughly 4%.
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Figure 4.8: 4α-source run for CsI detectors.

The peak position (in channel) was converted into the equivalent pulser gain (Vα) for each
CsI detector:

Vα = apulser ∗ xα + bpulser (4.2)

A correspondence factor γ between the pulser voltage Vα and energy is obtained per detec-
tor from the following relation:

γ =
7.69
Vα

(4.3)

So the calibration parameters for each CsI detector are γ ∗ apulser and γ ∗ bpulser, which serve
as the slope and the offset of a polynomial of order 1, respectively.

• Due to the inelastic scattering with helium inside MAYA, 56Ni can be excited above
the particle-emission threshold. It then can decay by emitting neutrons, protons and alpha
particles. These decay particles, having high energy (almost same energy per nucleon as
the beam), will not stop inside the MAYA volume. They are forward-focused and can be
detected in the forward Si-CsI telescope.

Figure 4.9 shows the mapping of the Si detectors (in parentheses) and CsI detectors. The
CsI detectors are behind the Si detectors. Combination of Si#9 and CsI#25 was chosen as the
reference because this combination is located at the central region of Si-CsI mapping and
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Figure 4.9: Si-CsI mapping with the corresponding Si-detector numbers indicated in parentheses.
Each Si detector is backed by four CsI detectors. Different colors represent the different
pre-amplifiers connected to the CsI detectors.

α-particle ΔE-E plot for Si # 9 and CsI # 25  

α-particle ΔE-E plot for Si # 12 and CsI # 56  
α-particle ΔE-E plot 

Figure 4.10: ∆E-E spectrum for Si-CsI detectors before calibration of CsI detectors (left panel) and after
calibration of CsI detectors (right panel). The red dots represent the ∆E-E spectrum for
Si#9 and CsI#25 combination (reference combination), whereas the black dots represent
the ∆E-E spectrum for Si#12 and CsI#56 combination.

Si#8 is facing the beam. A real beam-time run (run#70) was chosen to obtain ∆E-E plots for
the Si-CsI detectors.

The loci of the energy loss in Si#9 (∆E) versus the energy deposited in CsI#25 (E) are shown
in Fig. 4.10 with red dots. The ∆E-E spectrum for Si#12 and CsI#56 is shown with black
dots. Since the α-particle identification loci for the two different combinations were not
gain-matched, effort has been put to change the correspondence factor γ manually per CsI
detector so that the ∆E-E plots for the α-particle identification for both Si-CsI combinations
fall on top of each other. This procedure has been repeated for all possible combinations of
Si-CsI detectors taking Si#9 and CsI#25 as the reference.
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Figure 4.11: ∆E-E spectrum for all possible combinations of the Si-CsI detectors without (left panel)
and with (right panel) the light-output correction. In the ∆E-E spectrum without light-
output correction (left panel) only one beam-time run has been considered, whereas in the
∆E-E spectrum with light-output correction (right panel) all the beam-time runs are taken
into account. For the plot in the right panel, cuts have been made around the particle-
identification loci.

In the above procedure of calibrating the CsI detectors with respect to the ∆E-E identifica-
tion plot for α particles, it has been found that identification loci for particles other than α

(p,d,t....) are also aligned. In Fig. 4.11, the ∆E-E identification is shown for all possible Si-CsI
combinations with and without the light-output correction for the CsI detectors [74]. The
solid lines in the right side of Fig. 4.11 represent the calculated energy losses in the Si and
CsI detectors. It shows how good the gain-matching is done for the Si and CsI detectors.

4.3 Reconstruction of scattering angle and energy of the re-

coil particle

4.3.1 Trajectory reconstruction

To extract the direction of trajectories from the induced charge pattern on the cathode pads,
the global fitting method [75] is used. The basic principle of this method is based on a fit of
the whole charge distribution of the ionizing particle by means of the orthogonal-distance-
regression method. This method aims at minimizing the perpendicular distances of the
cathode pads weighted by the corresponding charges on the pads from the fitted trajectory
line (see Fig. 4.12). Fitting the trajectory leads to finding the proper trajectory equation
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Figure 4.12: Global fitting method for track reconstruction [75]. For further details of the method see
the text.

y = ax + b, where the fitted line passes through the Center of Gravity (C.O.G) of the whole
charge distribution and the quantity χ2, defined in the following, is minimized:

χ2 =
∑i Qid2

i
∑i Qi

(4.4)

where,

di =

√
(yi − (axi + b))2

1 + a2 (4.5)

is the perpendicular distance to the fitted trajectory from the center of the i-th pad of coor-
dinate (xi,yi) assuming the charge Qi is localized at the center of the pad.

Since 56Ni (α,α’) 56Ni* is a two-body reaction, there are two particle trajectories in MAYA:
beam trajectory (56Ni beam) and recoil-particle trajectory (recoil α). The following sections
describe the different steps followed in the trajectory reconstruction.

Beam trajectory reconstruction

Though the beam is spread from row#15 to row#19, a beam path is identified as a trajectory
in which each of the rows#16, 17, and 18 of the cathode pad plane has at least 20 out of the
possible 32 pads with non-zero charges.

The edges of the beam region (below row#16 and above row#18) can be identified from
the multiplicity of pads in each row with non-zero charges. After identification of the beam
path, the global fitting procedure is applied for beam trajectory reconstruction (see Fig. 4.13).
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Figure 4.13: Beam trajectory reconstruction.

Beam subtraction

For better track reconstruction of the recoil particle, including the reconstruction of the ver-
tex of the interaction, the charges on the pads due to the beam along its path have to be
subtracted. In this data analysis, this subtraction is performed on an event-by-event basis.
The steps for the event-by-event beam subtraction are:

• For each event, the beam region and the recoil-particle region are determined by look-
ing into the multiplicity of pads with non-zero charges in each row. In the beam re-
gion, out of 32 pads in each row there should be on average at least 20 pads with
non-zero charges, whereas in the recoil-particle region there should be on average 4
pads with non-zero charges in each row. With the help of this study, the row along
which the multiplicity of pads with non-zero charges changes significantly is identi-
fied. In Fig. 4.14, the multiplicity of pads with non-zero charges changes from 26 in
row#18 to 4 in row#19. Here, row#19 is labeled as rowbegin for the recoil-particle track.

• Above this row in the beam region, i.e., row#18 in Fig. 4.14, charge average q is taken
for four consecutive columns on both sides of the recoil-particle track region (qi,le f t

and qi,right for left and right sides of the recoil-particle track, respectively, with i as the
row number). This process is applied for each row in the beam region.

• The average value per row is then subtracted along the entire beam region.
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qleft qright 

row_begin (row19) 

qrow16_left 

qrow18_left 

qrow16_right 

qrow18_right 

qrow17_right qrow17_left 
row17 

Figure 4.14: Beam subtraction method is defined in the top figure. In the bottom left figure, the aver-
aged beam which is to be subtracted is shown. The figure in the bottom right shows the
result after subtracting the averaged beam. Note the difference in the scale of colors for
the extrapolated beam and the beam subtracted recoil-particle track.

In Fig. 4.14, top panel, the beam subtraction method is schematically shown. The extrap-
olated beam which is to be subtracted is shown in the bottom left panel, and the result
after the beam subtraction is shown in the bottom right panel. One more example of beam
subtraction is also shown in Fig. 4.18.
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Beam region 

row 22 

row 19 

row 15 

row 12 
Short recoil track region (left side) 

Short recoil track region (right side) 

Long recoil track region (left side) 

Long recoil track region (right side) 

row 1 

row 32 

Figure 4.15: Beam and (short and long) recoil-particle track region on the cathode pad.

Reconstruction of the recoil-particle trajectory

Due to the computational issue, the reconstruction of the recoil-particle tracks has been
divided into two categories:

• Short-Tracks: Recoil-particle tracks whose two-dimensional charge projection does
not cross row#12 (if the recoil particle is scattered to the left side of the beam) or row#22
(if the recoil particle is scattered to the right side of the beam) (see Fig. 4.15).

• Long-Tracks: Recoil-particle tracks whose two-dimensional charge projection even-
tually cross row#12 (if the recoil particle is scattered to the left side of the beam) or
row#22 (if the recoil particle is scattered to the right side of the beam) but does not
reach the edges of the cathode-pad plane (see Fig. 4.15). In that case, the track is dis-
carded as it could punch through the MAYA volume.

After beam subtraction, the recoil particle is also fitted with the global fitting method within
the region of the recoil-particle charge projection. In the following sections, fitting proce-
dures of the long and short recoil-particle track will be discussed in details.
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Figure 4.16: Fitting of the long recoil track after beam subtraction.

Fitting of the long recoil-particle track

For fitting of the long recoil-particle tracks, the row for which the multiplicity of the pads
with non-zero charges changes significantly is identified as rowbegin and the first column of
this row which has a pad with non-zero charge is identified as columnbegin. Similarly the
last row where the particle stops is identified as rowend and the last column of this row with
a non-zero pad-charge is identified as columnend. Subsequently, a first fit for this long-track
is performed within the region defined by (rowbegin, columnbegin) and (rowend, columnend).

The intersection point of the fitted trajectories for the recoil particle and the beam is hence-
forth calculated. This gives the vertex of interaction. The fitting procedure is described in
the beginning of this section. A second fit for the long recoil track is performed, with the
vertex taken as the origin to get the proper two-dimensional range of the recoil particle,
although the two-dimensional scattering angle (θ2d) is not improved significantly for this
second fit.

Figure 4.16 summarizes the whole procedure for the fitting of the long recoil-particle track.
Beam subtraction for the long track is less effective but it improves the scattering angle,
the vertex of interaction and the reconstruction of the recoil-particle energy for short recoil-
particle tracks (see next Sub-section).
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Figure 4.17: Selection of the short recoil track.

Fitting of the short recoil-particle track

Fitting of the short recoil-particle track is exactly the same as the fitting of the long recoil-
particle track, i.e., by finding out the rowbegin, columnbegin, rowend, and columnend for the
recoil-particle track. But before subtraction of the beam and fitting of the recoil-particle
track, a search for the true short recoil-particle track is performed in order to avoid some
fake short-track events due to statistical fluctuations of the detected charges of events in
which there are no scattering of 56Ni beam with the gas particles inside MAYA (beam only
events). The selection method is described below.

The row is identified as rowbegin, where the multiplicity of pads with non-zero charges
changes significantly. Below this row in the beam region, i.e., row#15 in Fig. 4.17 average of
pad charges is taken within the columns of pads through which the recoil-particle track is
extended (qshort track). Averages of pad charges for this row are also taken on both sides of
the recoil particle track and defined as qshort track,le f t and qshort track,right for the left and right
side of the recoil-particle track, respectively.

Events are identified as true short recoil-particle tracks if and only if qshort track > qshort track,le f t

and qshort track > qshort track,right. After that, the short recoil track is fitted in the same way as
the long-track fitting.
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Figure 4.18: Fitting of the short recoil track before (left panel) and after (right panel) beam subtraction.

Figure 4.18 shows the short-track fitting before and after the beam subtraction. Here, beam
subtraction improves the vertex, scattering angle, and two-dimensional range reconstruc-
tion.

4.3.2 Determination of the reaction plane

56Ni(α, α′)56Ni* is a two-body reaction. The reaction occurs in a plane which is not necessar-
ily parallel to the cathode pad. Since MAYA is a time-charge-projection chamber, to retrieve
the third dimension, timing information from the anode wires is needed to measure the
drift-time of the electrons from the recoil-particle ionization. From the measured drift-time,
the inclination-angle of the reaction plane with respect to the cathode-pad plane (φ angle)
can be determined.

Let us assume that some electrons from the ionizing particle arrive at the anode wire j at
position yj at time tj. Therefore, the drift-distance of the electrons is:

dj = Vd × tj (4.6)

where Vd is the drift-velocity of the electrons in the gas mixture (95% He + 5% CF4) at
500 mbar pressure. The i-th wire will receive the electrons at time ti that can be larger or
smaller than tj depending on the recoil-particle path (see Fig. 4.19). The drift distances
(dj) are then plotted against the positions of the corresponding wires (yj) and a linear fit is
performed through the points (see Fig. 4.20).

The slope of the fit leads to the angle of the reaction plane (φ) with
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Figure 4.19: Determination of the reaction-plane angle. Left panel: recoil-particle track is going down-
wards; right panel: recoil-particle track is going upwards.

Figure 4.20: Determination of the φ angle.

tan φ = a f it (4.7)

where a f it is the slope of the linear fit a f itx + b f it. Therefore, to obtain the φ angle, besides
the timing information of the amplification wires, the drift-velocity of electrons in 95% He +
5% CF4 gas mixture is also necessary. In the next Sub-section, measurements leading to the
drift velocity of the electrons are described.
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Figure 4.21: Rotation of the MAYA chamber with respect to the incoming beam.

Drift-velocity measurement

Since the electrostatic mask is extended from row#15 to row#19, the MAYA chamber was
rotated by an angle of 8◦ with respect to the incoming beam direction in order to get proper
drift-velocity measurement. In this way part of the beam trajectory falls out of the mask
region (see Fig. 4.21).

In this orientation of the MAYA chamber, more amplification wires can see the drifting elec-
trons from the beam ionization compared to the normal position of MAYA where four or
five wires only can receive the drifting electrons. In this case, the beam is not hitting the
beam stopper but rather Si#9.

With the Si trigger the timing information from the wires was encoded, i.e., the drift time
Td plus the delay time D imposed on the wire signal (see Fig. 4.22). The delay time D is
obtained with the self-triggering of the amplification wires. It is basically the response time
of the electronics. In Fig. 4.22, the timing response of wire#20 both for Si-trigger and wire
self-trigger are shown.

In this way, the drift time for every wire which receives the electrons is measured and an
average drift time of 6.05 µs is obtained. The drift distance is the distance between the beam
plane and the Frisch grid considering the beam to be in the middle between the upper cath-
ode plate and the Frisch grid. This is the region of constant drift. With this method, the
measured drift velocity of the electrons in 95% He + 5% CF4 gas mixture at 500 mbar pres-
sure is measured to be 16.5 mm/µs which is in agreement with the results of the GARFIELD
simulations [76, 77].
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Td + D 

D 

Figure 4.22: Drift time (Td) plus delay time (D) with Si trigger, and delay time (D) with wire self-trigger
for wire#20.

Figure 4.23: Electron drift velocity using GARFIELD simulation.

GARFILED is a program developed by CERN to simulate the electron drift in gaseous de-
tectors. From the simulations, the drift velocity of the electrons in 95% He + 5% CF4 gas
mixture at 0.48 bar pressure is calculated to be 17.5 mm/µs at an electric field of 150 V/cm
(see Fig. 4.23)2.

2In MAYA, distance of the cathode plate at the top to the Frisch grid is 20 cm. Cathode plate is maintained at
−3000 V and Frisch grid is maintained 0 V. Therefore, the electric field is 150 V/cm.
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4.3.3 Range and scattering-angle reconstruction of the recoil particle

When a charged particle travels through a gas it loses its energy by ionizing the gas. As the
energy of the particle decreases, the interaction cross section with the gas particles increases.
Therefore, in the energy-loss profile, a peak occurs before the particle completely stops. This
is known as the Bragg peak.

In MAYA, charges induced on the cathode pads are proportional to the energy of the ioniz-
ing particle and charges are localized at the center of each pad. The whole track length on
the cathode pads is a projection of the ionization profile of the particle in two dimensions.

It is convenient to obtain the charge projection along any of the three symmetry axes of a
hexagon (see Fig. 4.2) because of the hexagonal shape of the cathode pads. The symme-
try axis which is the closest to the normal to the fitted particle trajectory is chosen as the
axis on which the charges are to be projected on the cathode pads. The cumulative sum
of the charges on the pads are projected along the normal onto the chosen symmetry axis
and plotted versus the distance from the vertex of interaction. This process is carried out
throughout the whole path of the recoil particle and it therefore gives the energy-loss profile
and the Bragg peak of the particle in two dimensions. In Fig. 4.24, examples of obtaining
charge projections along three symmetry axes of hexagon are shown.

Once the maximum of the ionization profile is identified as the Bragg peak, 20% of the
height of the Bragg peak3 (details will be given in Chapter 5) is taken and the corresponding
distance is defined as the two-dimensional range R2d.

The two-dimensional scattering angle θ2d is the angle between the fitted trajectories of the
beam and the recoil particle. Since the φ angle can be obtained from the timing information
of the amplification wires, the proper range (R) and scattering angle (θ) in 3-dimensions can
be reconstructed from R2d and θ2d. From Fig. 4.3, it can be shown that:

R = R2d

√
1 + sin2 θ2d tan2 φ (4.8)

and

cos θ =
cos θ2d√

1 + sin2 θ2d tan2 φ
(4.9)

320% of the Bragg peak is taken as the range of the particle and it is validated by SRIM.
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Figure 4.24: Examples of range and scattering-angle reconstruction along three symmetry axes of the
hexagon.
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Figure 4.25: Calculation of the energy of α-particle from its range in a gas mixture of 95% He + 5% CF4
at 500 mbar pressure using SRIM [61].

4.3.4 Energy reconstruction of the recoil particle

Since the range of a particle in a certain medium is uniquely related to its energy, it is possi-
ble to extract the energy of the recoil particle in MAYA once its range is known. One should
emphasize that it is possible to extract the energy only for the particles that stop inside
MAYA and do not punch through the sides.

In this data analysis, energy of the recoil particle is measured from its range using tables
from the SRIM program [61]. Figure. 4.25 shows the relationship between the range and
energy of the α-particle in 95% He and 5% CF4 gas mixture at 500 mbar pressure.

4.4 Event selection

4.4.1 Selection of the 56Ni beam

In our experiment, the 56Ni beam was contaminated with a few percent of 55Co and 53Fe.
The identification matrix for 56Ni shown in Fig. 3.5 is obtained using the energy deposit
(∆E) in the Si detector placed in the experimental hall D6. Since the Si detector in D6 can
only be used for low-intensity beam, it was not used for beam selection during the data-
taking process. However, the incoming beam particles can be identified by looking into
the time-of-flight of particles between the Micro-Channel-Plate-Analyzer (MCPA) and the
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Figure 4.26: 56Ni selection: one-dimensional time-of-flight between MCPA and plastic scintillator is
shown for 75% pure 56Ni (left panel) and for 96% pure 56Ni (right panel).

plastic scintillator detector (see Fig. 3.3). From Fig. 4.26, it is clear that the peak between the
channel numbers 4300 and 5800 depicts 56Ni. In the left panel of Fig. 4.26 where the purity
of 56Ni beam is 75%, the peak below channel number 4300 could be the contributions from
55Co or 53Fe. In the right panel of Fig. 4.26 where the purity of 56Ni beam is 96%, the peak
below channel number 4300 disappears. However, the upper limit of the selection window
has been set to channel number 5800 which includes the small peak appearing at a channel
number around 5500 for 75% purity of 56Ni beam which also disappears for 96% pure 56Ni
beam.

4.4.2 Selection of the recoil α-particle

Since the charges on the cathode pads are proportional to the energy of the ionizing particle
and since there is a unique relationship between range, energy and nature of the recoil
particle, it is possible to distinguish recoil α-particles from recoil carbon and fluorine to
reduce the background. Identification for the recoil particle can be done by plotting its range
(R) and total charge (Q) for its whole track length starting from the vertex of the interaction
to its stopping point inside MAYA, with Q defined as:

Q = ∑
k

qk (4.10)

where k is the index running over the cathode pads within the recoil particle path and qk is
the corresponding charge on the pad.

73



CHAPTER 4. DATA ANALYSIS

Figure 4.27: Left panel: identification matrix for α-source run. The red solid line represents the
range versus energy relationship calculated for He at 95% He and 5% CF4 gas mixture
at 500 mbar pressure. Right panel: Identification matrix for the recoil particles as mea-
sured inside MAYA with 56Ni beam runs. The red solid lines represent the range versus
energy relationship calculated for He, C, and F in 95% He and 5% CF4 gas mixture at
500 mbar pressure. The normalization factor between the charge projection and energy
is obtained from α-source run as shown in the left panel. Only the events are considered
which are inside the area defined by the red dashed polygon.

The left panel of Fig. 4.27 shows the range versus charge projection plot for α-source (239Pu;
Eα = 5.2 MeV) run. The red solid line represents the range-energy relationship for He, cal-
culated at 95% He and 5% CF4 gas mixture at 500 mbar pressure. Since there is no absolute
calibration of the charge of the pads in energy, SRIM calculation for He has been normalized
with respect to the α-source run. In the right panel, the identification matrix for the recoil
particles with 56Ni beam runs is shown. The same normalization factor obtained from the
α-source run has been applied to the SRIM calculations for He, C and F and these calcula-
tions are shown in red solid lines in the right panel of Fig. 4.27. These calculated lines shows
the upper limit of the particle identification. Therefore, only events which are in the area
defined by the red dashed polygon are considered in this analysis.

4.4.3 Geometrical selections of the events in MAYA

Kinematics variables are only reconstructed for those events which stop inside the MAYA
volume. The following geometrical cuts are made during data analysis in order to choose
the proper events:

• The range (R) of the recoil particle should be less than 350 mm which is the maximum
possible track length for a recoil particle that stops inside the MAYA volume.

74



4.4. EVENT SELECTION

Figure 4.28: Selection of the vertex of interaction.

• The two-dimensional scattering angle (θ2d) should be greater than 10◦ because for
smaller laboratory scattering angles, the recoil particle is too close to the beam path.
It is, therefore, impossible to distinguish whether the charge distribution comes from
the recoil particle ionization or from the beam ionization.

The elastic scattering occurs around 90◦ in the laboratory frame. There is no inelastic
scattering above 90◦ scattering angle. But due to the angular resolution of MAYA,
especially for short recoil particles, an upper limit of 100◦ has been set.

• The x-coordinate of the vertex of interaction should be between 50 mm and 250 mm.
Figure 4.28 shows the distribution of the x-coordinates of the vertex of interaction
(along the beam line) for events from the beam-time runs. Below 50 mm there is an
increase of counts because of the geometrical acceptance of the MAYA detector and
the fake recoil particle events caused by the reactions in the entrance window.

The selection of the upper limit of the x-coordinate of the vertex of interaction as
250 mm eliminates events that can be generated from the interaction of the beam with
the beam-stopper (diamond detector).

• The multiplicity of pads with non-zero charge in each row outside the beam region,
i.e., row#1 to row#14 on the left side of the beam and row#20 to row#32 on the right
side of the beam, should be less than 10, otherwise it could be due to fake events
caused by sparking inside the active volume.

• If the recoil-particle track has non-zero pad charges at the edges of the cathode pad
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plane, i.e., in row#1 or row#32 or column#2 or column#31 and outside of the beam
region, the event is discarded because the recoil particle may punch through MAYA
(see Fig. 4.15).

One should note that the above geometrical selections have also been considered in analysing
the data produced by the simulations and any inefficiencies so created could be taken care
of during the efficiency correction.
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