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ABSTRACT

In order to find the best distribution of the AMS-02 TOF photomultiplier tubes, it is nec-
essary to know the effective light guide efficiency for all scintillator counters. A ray-tracing
simulation has been carried on with 12 different counters, in order to better understand the ex-
perimental results obtained in the INFN Bologna laboratories using cosmic rays. The simulated
and the measured light guide efficiencies are discussed.

Subject headings: light guide, ray-tracing, efficiency.

1. Introduction

The superconducting magnet of the AMS-02
detector [1] produces a strong fringing field where
the photomultiplier tubes (PMTSs) of the TOF sys-
tem are installed (figure [). In order to reduce the
effect of the magnetic field on PMTs (figure ), a
special kind of tube has been chosen (Hamamatsu
R4956 “fine mesh” PMT) and special effort was
devoted to design the light guides (LGs) of the
TOF scintillation counters in order to minimize
the relative angle between the B vector and the
PMT axis (figure ).

The LGs consist of:

1. a small piece of plexyglass with a circular
face (coupled to the PMT window through
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a soft transparent silicon pad) opposed to
a rectangular face (figure B). The latter is
glued to

2. an optional piece of plexyglass with rect-
angular ends and a curved geometry (fig-
ure B). If present, this piece is glued to

3. the scintillator or the scintillator “extender”
(a plexyglass extension to the scintillator
paddle). A counter with all LGs is shown
in figure

The first short piece of the LG can be directly
glued to the scintillator or to its extender, consti-
tuting the whole LG. The second piece of plexy-
glass has different shapes for different counters,
for a total of six different geometries. These
pieces are obtained by bending and possibly twist-
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Figure 2. The effect of magnetic field on common
PMTs.

ing a straight piece of plexyglass, as schematically
shown in figure Bl

Compared to the shortest LGs (consisting only
of the first piece), the transmission efficiency of
the other LGs is lower: the LG geometry effec-
tively reduces the phase space of the photons. The
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Figure 3. The TOF field-PMT angle distribution
as function of the magnetic field intensity.

Figure 4. The first short LG piece connects the
circular PMT window (to be placed on the right)
to the glued rectangular surface (left face).

reduction of the light intensity due to the longer
path (hence larger absorption) can be neglected in
comparison with the geometrical effect: the bulk
attenuation length in plexyglass is of the order of
3 m, whereas the linear dimensions of each LG
complex are lower than 0.2 m.
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Figure 6. Final configuration of a TOF counter
with curved LGs.

2. Ray-tracing simulation

In order to compute the response of the differ-
ent LG types, a ray-tracing simulation has been
carried on with several configurations, using the
CAD project of the TOF counters of planes 3
and 4 (figure [[). The ray-tracing technique is
an application of the geometrical optics: given
a point source and its light intensity in the 3D
space, where geometrical objects with given op-
tical properties (refractive indices) are placed,
single light rays are generated uniformly over a
sphere centered on the source, and they are traced

Figure 7. Naming conventions for PMTs in lower
TOF planes.

until they stop or reach the target surface.

The first task was to adequately simulate the
input light source for the LGs. From measure-
ments carried on with AMS-01 TOF counters [3],
it is known that particles crossing the scintillator
at least 15 cm far from the LG glueing generate
light that is equally collected by the LGs installed
at the same counter side. Hence, in order to get
a realistic illumination of the scintillator exit sur-
face, a linear uniform light sourcel was put in the
center of the scintillator, 50 cm away from the exit
surface. Being this distance the same for all sim-
ulated LG configurations, the results are indepen-
dent from the attenuation length of the scintillator
and LGs.

The simulation was carried on in steps. First,
the linear uniform source was used to get the light

2In practice, 101000 point sources of unit intensity were uni-
formly distributed along a vertical 1 cm long track crossing
the scintillator paddie.
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Figure 8. Intensity maps at the scintilator output, for different exit angles.
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distribution on the exit surface of the scintillator
(figureB). For each light ray reaching this surface,
the crossing position, its intensity and incoming
direction were saved in a text file (7 floating point
numbers per ray). This file was used as the source
for the simulation of all LG configurations but the
trapezoidal scintillators (counters 401 and 301),
for which a uniform linear source in the mid of
the scintillator, 50 cm away from its exit surface,
was usec. In this way, one can easily compare
the results of all configurations.

The light distribution on the scintillator exit
surface was then used as the input for the simula-
tion of the LGs of counter 402, that are short and
straight (2 cm long extenderd glued to two short
pieces). This counter was taken as reference: the
light intensity at the exit from its LGs was defined
as “100% intensity”. Its systematic uncertainty,
defined as the difference between the results ob-
tained for the two identical 402 LGs, was approx-
imated (by excess) to 1%.

For all other configurations, the LGs consist of
both the first short piece and of the intermediate
curved piece. The simulation was carried on step
by step, saving on separate files the light distribu-
tion corresponding to all interfaces. In this way
it was possible to get information about the ef-
fects of each intermediate piece. During analy-
sis, data on each file were displayed as intensity
maps over the corresponding exit surface, using
the same cos 6 binning as figure 8 (0-0.2, 0.2-0.4,
0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-0.8, 0.8-0.9, 0.9-1,
plus cos 6 < 0 to find reflected light).

As an example, figure B shows the histograms
of the unit vector components relative to the ex-
tender of counter 302, figure L0l shows the inten-
sity maps of the light exiting from the interface

3The shape of such scintillators is not symmetrical under a
180° rotation around the longitudinal axis, hence the linear
source was not seen centrally by the LGs.

“Actually, the real 402 counter has no extender. Instead, the
scintillator section is reduced in the last 2 cm to match the
area of the two small LGs. Because the refractive index is
the same, this makes no difference.

between the first and the curved pieces of a LG
of counter 302, and figure [T shows the intensity
maps of the light exiting from the first piece of the
corresponding PMT.

3. Analysis of the simulation results

Let us defines the absolute efficiency as the ra-
tio between the exit intensity and the input inten-
sity of the linear source. Though the overall nor-
malization is uncertain because of the attenuation
effectdd, it makes sense to compare the absolute
efficiencies of all configurations (the trapezoidal
counters included).

On the other hand, the relative efficiency is de-
fined as the ratio between the exit intensity of each
configuration and the average output intensity of
the two LGs of counter 402, taken as reference.
The relative efficiencies are more meaningful for
all configurations (with a possible exception for
counters 301 and 401), because they do not de-
pend on the bulk light attenuation.

In particular, for counters 301 and 401 the as-
sumption that the computed efficiency is the same
for all particles crossing the counter farther than
15 ¢cm from the glueing of the LGs may not be
valid. Their shape is not symmetrical with re-
spect to a 180° rotation about the longitudinal
axis, hence in general the fraction of collected
light by each LG can depend on the flash position.
As table [ shows, the effect is a ~ 10% reduction
of the light seen by the outermost PMT (401n1,
see figure [7]), compared to the other two PMTs,
which receive the same intensity within few per-
cent. The systematic uncertainties associated to
all curved LGs were computed as the absolute dif-
ference between the output intensities of the two
(max — min for counter 401) LGs installed on the
same counter side.

The results for all configurations are also
shown in figure [[2, where the absolute (left panel)
and relative (right panel) efficiencies are plotted.

SFor all materialsin the simulation the bulk attenuation length
was set to 3 m.
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Figure 10. Intensity maps of the curved LG piece of PMT 302n2. The first map (top left panel) refers
to reflected light (cos® < 0), and the following ones, left to right, refer to cos @ binning: 0-0.2, 0.2-0.4,
0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-0.8, 0.8-0.9, 0.9-1 (lowest right panel).

Figure 11. Intensity maps of the first piece of PMT 302n2. The first map (top left panel) refers to reflected
light (cos 8 < 0), and the following ones, left to right, refer to cos 8 binning: 0-0.2, 0.2-0.4, 0.4-0.5, 0.5-0.6,
0.6-0.7, 0.7-0.8, 0.8-0.9, 0.9-1 (lower right panel).

In addition to the total exit intensity, the inten- tric conversion efficiency of the PMT photocath-
sity of the light rays forming smaller angles than ode can be neglected, the latter is more meaning-
60° with the normal to the PMT window is also ful when compared to measured data.

shown. Because for larger angles the photoelec-
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Absolute efficiency (%0) Eff. (%) rel. to scint./ext. Eff. (%) relative to (402)

Total (< 60°) Total (< 60°) Total (< 60°)
PMT | value err. | value err. | value err. | value err. | value err. | value err
301nl1 | 440 0.28 | 3.83 0.24 | 107 0.7 9.3 0.6 77.1 4.8 78.4 5.0
301n2 | 4.13 3.59 10.1 8.7 72.3 73.4
302n1 | 499 0.05| 425 004 | 122 01 | 104 0.1 87.4 0.9 86.9 0.8
302n2 | 5.04 4.29 12.3 10.5 88.3 87.7
303n1 | 4.05 0.17 | 350 0.14 | 99 0.4 8.5 0.3 71.0 3.0 71.6 2.9
303n2 | 4.23 3.64 10.3 8.9 74.0 745
304n1 | 4.47 057 | 3.87 048 | 109 14 94 1.2 78.3 9.9 79.1 9.7
304n2 | 3.90 3.39 9.5 8.3 68.4 69.4
305n1 | 4.44 028 | 3.84 0.26 | 108 0.7 94 0.6 1.7 4.9 78.5 5.3
305n2 | 4.16 3.58 10.1 8.7 72.8 73.2
306n1 | 4.03 0.07| 351 0.11| 938 0.2 8.6 0.3 70.5 1.2 71.8 2.2
306n2 | 4.09 3.62 10.0 8.8 71.7 74.0
307n1 | 439 0.08| 3.81 0.06 | 10.7 0.2 9.3 0.2 77.0 1.3 77.9 1.3
307n2 | 4.32 3.74 10.5 9.1 75.7 76.6
308n1 | 435 032 382 030]| 106 0.8 9.3 0.7 76.1 5.6 78.1 6.2
308n2 | 4.03 3.52 9.8 8.6 70.5 72.0
309n1 | 5.01 0411 | 426 008 | 122 03 | 104 0.2 87.8 1.9 87.2 1.7
309n2 | 5.12 4.34 125 10.6 89.7 88.8
401n1 | 1.23 0.20 | 1.09 0.17 | 4.7 0.8 4.2 0.7 21.6 3.5 22.3 35
401n2 | 1.41 1.21 5.4 4.6 24.6 24.8
401n3 | 1.43 1.26 55 4.8 25.1 25.8
402n1 | 570 0.01 | 488 0.03|13.89 0.03 |11.88 0.07 | 99.88 0.24 | 99.70 0.60
402n2 | 5.72 4.90 13.93 11.95 100.12 100.30
402y | 571 001 | 489 0.03|1391 003 | 1191 0.07| 1000 0.24 | 1000 0.6

Table 1. Simulated efficiencies. Errors were computed as the difference between maximum and minimum
values obtained at the same side, hence are the same for all PMTs in this side. The last row shows the
reference values, i.e. the average of the two PMTs of counter 402.

The LGs of counter 310 are not covered by
the analysis, because of corrupted data. How-
ever, their configuration is very similar to that of
counter 301, hence their efficiency should be al-
most the same as for counter 301.

4, Measurements

A characterization of all AMS-02 flight TOF
counters was carried on in the INFN Bologna lab-
oratories, using the same four PMTs [4].

A short initial run was done using a fixed set of

voltages for these PMTs, before equalizing their
response for minimum ionizing particles (MIPs)
vertically crossing the scintillators at their center.

Whereas the anode signals of the PMTs placed
on the same counter side are passively summed
before reaching the charge integrator, dynode sig-
nals are read independently for each PMT. Coun-
ters with curved LGs were operated with nominal
PMT gains larger by a factor of 3 than those used
for the counters of planes 1 and 4, which all have
straight and short LGs.

The initial runs (with fixed HV settings) can

AMS Bologna Internal Note 2005-03-01
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Figure 12. Simulated single light guide efficiency (open circles), computed as the ratio between the average
intensity of the light exiting from the two (three for counter 401) LGs and the intensity of the light exiting
from the rectangular section of the scintillator (left plot) and normalized to the average efficiency of counter
402 (right plot). The same quantities are also shown when exiting rays form a smaller angle than 60 degrees

with the surface unit vector (full circles).

be used to compute the relative efficiency of each
LG, considering only dynode signals. This was
done for all counters with 4 LGs and for the cor-
responding channels of the counters with 6 LGs
(101, 108, 401, 408). Experimental data are avail-
able on the AMS Bologna Group web siteﬁ; data
taken until October 7, 2004 were considered in
this work.

Measured data refer to peak positions corre-
sponding to MIPs crossing the central slice of
all counters. Hence the difference in the counter
length (13 cm between the shortest and longest
counters) will in principle systematically decrease
the efficiency of longer counters. The maximum
effect can be easily estimated to be roughly equal
to 4%, of the same order of magnitude of the stan-
dard deviation of repeated measurements with the
same counter (see below) and of the measure-
ments carried on with equal counters (102-107

€http://ams.bo.infn.it

and 402-407). Hence we don’t expect to be able
to see this effect in experimental data.

First, let us look at the repeated measurements
carried on with the same counter (406), installed 6
times in the experimental setup to test the repeata-
bility of the results. The RMS fluctuation of the
four channels are:

Channel Peak RMS RMS
(PC)  (PC) (%)
din 3.69 0.10 3
d2n 3.97 0.59 15
dip 2.28 0.18 8
d2p 202 021 10

where “d1n” is the first dynode of the negative
counter side, et cetera.

The big spread is mostly due to the last mea-
surement (measurement “406*” in the following
table), taken after the characterization of all coun-
ters, which can be omitted to get:

AMS Bologna Internal Note 2005-03-01
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Ch. Peak RMS RMS | 406* — Peak
(PC)  (PC) (%) (PC)
din 3.66 0.08 2 0.18
d2n 420 0.12 3 -1.42
dip 227 0.19 8 0.11
d2p 196 0.14 7 0.40

(apart from channel d1p, the differences between
406* and the mean of the previous five measure-
ments of counter 406 are sensibly larger than the
fluctuations).

Neglecting measurement 406*, the effective
gairﬂ stability ranged from 2% to 8%.

Because the analog signals produced by coun-
ters with curved light guides is quite small, all
such counters were characterized using PMT
gains that were nominally three times higher than
for counters with short and straight light guides.
The actual values for the gain ratios were deter-
mined making use of the double measurement
carried on with the counter 404 and the two sets
of HV settings:

Ratio G3/G1
Ch. Value Error
din 2.70 0.11
dip 3.38 0.37
d2n 259 0.79
d2p 270 0.26

(these values will be used to scale the response of
all counters to the same gain).

Then, the problem is to correlate the results
obtained with different channels, i.e. to find the
relative normalization between different PMTs
(for all measurements, the PMT-channel pairs
were ZH7119-d1n, ZH7610-d1p, ZH7651-d2n,
ZH5789-d2p). This could be done by looking at
the repeated measurements of counter 404, which
was positioned in all possible combinations PMT-
LG. Taking (arbitrarily) channel d1p as reference,
the following ratios can be found:

"The effective gain, in addition to the PMT gain, takes also
into account the effect of the optical coupling between PMT
and LG, through atransparent and soft silicon pad.

| 2p/lp  1n/lp 2n/lp
Average 1.27 144  0.87
Std.dev. 0.04 0.11 0.08
Std.dev. (%) | 29 75 93

where “d1p” has been set to 1.00 and its spread
has been found to be 4%. However, it comes out
that the efficiencies obtained this way look very
low and have a big spread.

Thus a different technique has been used in this
paper to equalize the measurements done with dif-
ferent PMTs. For each channel (i.e. PMT), the
measured peak position was rescaled to the gain
used for counters of planes 1 and 4, then its max-
imum amplitude was taken as the reference peak.
Finally, all peak positions were divided by the
corresponding reference value, obtaining the rel-
ative efficiencies for each channel. The assump-
tion here is that the highest value of each channel
should be equal to the 100% efficiency within the
measurement uncertainty.

The result is shown in table 2 where two
PMTs per side are not included for counters 101,
108, 401 and 408. It comes out that the high-
est amplitudes were measured for the counters
402 (d2p, +7.1%), 404 (d1p, +8.4%), 406 (d1n,
+2.2%), and 407 (d2n, +£2.7%). No single counter
was seen to have more than one reference signal.

Counters might be affected by problems re-
lated to the LG glueing. In addition, the counter
preparation procedure might occasionally fail in
obtaining a good optical contact between the
PMT, the soft silicon pad and the LG. In these
(hopefully rare) cases, one should get efficien-
cies very low with respect to the averaged value.
Hence, in order to find potential problems, the
best way is to look for counters with anomalous
efficiency on a single channel (assuming that the
probability to have two bad LGs is low). In or-
der to make this task easier, the last four columns
of table [ show the averaged efficiency e over
the four measurement channels, the ratio between
their standard deviation o and their average e,
the difference A between maximum and mini-

AMS Bologna Internal Note 2005-03-01



10 Single LG efficiencies

mum values, and its relative importance A/e, re-
spectively. Good counters should have a small
dispersion o./e of measured efficiencies and a
relatively small difference A between the maxi-
mum and minimum values.

Before looking the details of table B let us
make a consistency check. Comparing counters
102-107 (identical) and 402-207 (with the same
geometry, but 3.5 cm = 2% longer than 102-107),
one would expect to measure the same efficien-
cies within their uncertainties (peak positions are
known with roughly 5% uncertainty). Actually,
the averaged efficiencies over the plane 4 coun-
ters are consistent with this hypothesis. Quot-
ing [average; standard deviation] pairs: (d1n)4 =
[90; 7]%, (d2n)4 = [90;9]%, (d1p)s = [94;6]%,
(d2p)4 = [88;9]%. However, the same averages
for the plane 1 show larger fluctuations (though
they have smaller errors) and a systematic de-
crease for the p-side: (d1n); = [89; 4]%, (d2n); =
[93;3]%, (d1p)1 = [84;7]%, (d2p)1 = [75;7]%.
This means that the computed errors are probably
underestimated in many cases.

Table 2 shows that side p is systematically
lower than side n for counters 102, 104, 202, 203,
204, 205, 206, 207 and 307, whereas the contrary
happens for counters 310 and 402 only. Coun-
ters with an anomalous high single channel effi-
ciency are 101 (d2p), 108 (d2p), 404 (d1p, used
as reference), 407 (d2n, used as reference), and
408 (d2p). It is possible that these measurements
are affected by some systematic effect.

Too low efficiencies, that would be expected
to correspond to optical problems, are found for
counters 103 (d2p!), 105 (d2p), 205 (d1p!), 206
(d1p! and d2p!), 309 (dip!), 401 (d2n!), 402
(d2n), 407 (d2p), 408 (d1n!). In addition, chan-
nel d1p is a bit low for counters 208, 303, 304 and
305.
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din dip d2n d2p
Counter | eff. err.| eff. err.| eff. err.| eff err. € o.Je Ae Ale
%) )| B | B R % )| (%) (%)
101 209 08| 236 34| 228 15| 360 35 (258 0.27 151 0.59
102 883 20| 766 64| 912 25| 801 57 841 0.08 146 0.17
103 944 21| 910 7.7 | 9.2 26 | 642 45 |865 017 320 0.37
104 917 20| 739 6.2 | 942 26 | 71.8 51 |829 014 224 0.27
105 874 20| 910 77| 949 26 | 736 52 (867 011 213 0.25
106 866 19| 842 71| 882 24 | 792 56 (846 005 90 0.11
107 841 19| 8.7 72| 9%8 26 | 824 58 (870 0.07 134 0.15
108 143 06| 182 26 | 177 12 | 326 3.1 |207 039 18.3 0.88
201 314 12| 277 40| 317 21| 314 30 |306 006 40 0.13
202 333 13| 183 26| 333 22| 227 22 (269 028 150 0.56
203 322 13| 248 36| 321 21| 290 28 (295 012 74 025
204 325 13| 211 30| 334 22| 244 24 279 022 123 044
205 821 18| 578 49| 883 24 | 707 50 |747 018 305 041
206 868 19| 595 50| 805 22 | 667 47 |734 017 273 0.37
207 776 17| 656 55| 8.2 24 | 684 48 |745 0.13 206 0.28
208 318 13| 269 39| 312 20| 338 331|309 009 6.9 022
301 347 14| 309 45| 317 21| 337 33 (328 005 38 0.12
302 357 14| 287 41| 293 19| 323 311|315 010 7.0 0.22
303 302 12| 255 37| 323 211|329 32302 011 74 025
304 3.7 13| 244 35| 312 20| 322 311|299 012 78 0.26
305 320 13| 253 37| 327 21| 335 321|309 012 82 0.27
306 289 11| 281 41| 311 20| 329 32 (303 0.07 48 0.16
307 287 11| 245 35| 305 20| 255 25 (273 010 6.0 0.22
308 335 13| 312 45| 293 19| 372 36 (328 010 79 024
309 246 10| 182 26| 309 20 | 348 34 |271 027 166 0.61
310 283 11| 346 50| 280 18 | 357 34 (317 013 7.7 024
401 153 06 | 160 23 6.7 04 | 324 31 |176 061 257 1.46
402 894 20| 996 84 | 780 2.1 |1000 7.1 |91.8 0.11 220 0.24
403 808 18| 934 79| 872 24 | 846 6.0 8.5 006 126 0.15
404 822 18 1000 84 | 829 23| 849 6.0 (875 010 178 0.20
405 934 21| 938 79| 969 27| 924 65 (941 0.02 45 0.05
406 1000 22| 918 7.7 | 965 26| 930 66 |953 004 82 0.09
407 899 20| 848 7.1 |1000 27 | 737 52 (871 013 263 0.30
408 111 04 | 179 26 | 142 09 | 272 26 |176 040 16.1 0.91

Table 2. Measured efficiencies. Last four columns show the averaged efficiency e over the four measurement
channels (two PMTs per side are not included for counters 101, 108, 401 and 408), the ratio between their
standard deviation o and their average e, the difference A between maximum and minimum values, and its
relative importance A/e, respectively.
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