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Figure 2.54: Azimuthal distribution of number of hits by 1 bin along the Cherenkov fiducial zone. (3000 events,
PC32, 2050 V).

Optimization, yield and stability of PCs
In this section, an outline of the RD phase is given to review the steps achieved in the optimization of the
detector towards the assembly of a final prototype of a HMPID module.

During the period 1993 to 1997, 32 CsI photocathodes were produced and evaluated using test beams.
They are referred to as PC1 to PC32 in Fig. 2.55. The choice of a parameter convenient to compare
their performance is not straightforward since a variable like the photoelectron yield depends on specific
experimental conditions like transparencies, efficiencies, etc that might change from run to run. For that
purpose, we have taken the QE value at 170 nm, referred as QE(170).
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Figure 2.55: CsI QE history. Overview of the QE measured at 170 nm of all the CsI photocathodes produced
during the R&D phase.

The following actions, described in chronological sequence, were taken and resulted in an improve-
ment of either the photoelectron yield or the QE(170) performance.

a) At the beginning of our R&D work, CsI layers were deposited on G10/Cu/Au substrates at room
temperature (PC1 to PC10), showing low QE and bad quality coatings (Section 2.1.1.5). An improvement
was observed (PC12 to PC18) when the post treatment was applied (Section 2.1.1.3).
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2.1 Basic CsI RICH components 17

This study allowed us to verify the optimization of the MWPC operating conditions from the point of
view of the Cherenkov photon total detection efficiency, confirming CH4 as the best gas, since the electric
field requirements for maximal photoelectron collection match well the high-voltage ranges providing a
stable operation of the chamber.

2.1.1.3 Post treatment

So far, all teams involved in the processing of CsI films have followed the above evaporation procedures,
considered necessary in order to produce photocathodes stable in time, but not expected to drastically
change the QE performance. More controversial are the influence of the substrate and the conditioning.
The conditioning, initially described by Anderson [26], consists in heating the photocathode, kept under
vacuum after the evaporation to 50 – 60 C for 4–6 hours. In addition, different configurations were tested
such as flushing the vessel with CH4 or C2H6 during the heating, varying the substrate temperature or the
duration of the process. In Fig. 2.8, the enhancement of the QE with time is illustrated by a measurement
made in the Weizmann set-up using a PCB substrate. A drastic increase in the QE was observed, mainly
in the long wavelength range ( 190 nm), after heating the film to 60 C for 5 hours compared with
measurements taken just after the evaporation. In addition, the films appear to have a better stability
following exposure to air after conditioning. Such an effect was systematically reproduced by Breskin
on a large number of different substrates, PCB included [27].
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Figure 2.8: Effect of the heating of the CsI sample after evaporation at 60 under vacuum. From T 0 (the end
of evaporation), an enhancement of the QE with time is observed. Measurements made at the Weizmann Institute
using a CERN PCB substrate.

Following these tests on small samples in vacuum, a post treatment was systematically applied in the
production of the large PCB photocathodes aimed at equipping the RICH detector. The post treatment
consisted in evaporating on the pad cathode held at 50 degrees and in keeping under vacuum the fresh
film at the same temperature for 6 to 12 hours. The positive influence of that treatment is illustrated later
in Section 2.3.2.3 showing a substantial increase of the QE in our production of large photocathodes.

It should be mentioned that the positive influence of the post treatment was not observed by some
authors [28]. A tentative explanation could be found in the fact that different substrates were used, such
as aluminium, known for their peculiar surface structure usually porous and oxidized. Although several
large photocathodes of high quality were later produced with a good yield, it is felt that deeper under-
standing of the processing should be still acquired in order to ensure a better control in the production of
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the large number (50) of photocathodes needed in the HMPID system. For that purpose, an extension of
the HMPID evaporation vessel has been built, described in Section 3.1.5, allowing for the evaluation of
the photocathode immediatly after its processing.

2.1.1.4 Exposure to air and ageing of small samples

After having reached the nominal QE value by applying the post treatment, Breskin et al. [6] exposed the
sample to air and measured the variation of the QE with time. In Fig. 2.9, it is seen that a short exposure
to air, less than 30 minutes, does not affect the QE.

Two processes are known to damage a CsI film: the exposure to a direct photon flux and the impact
of ions when used in a MWPC. We shall not discuss the first case since it necessitates photon den-
sity of 1011 mm 2 s 1, far from our Cherenkov application, but we shall report on some investigations
performed on the second one by Breskin et al. [7, 29].

Ageing studies of CsI photocathodes were done in a MWPC detector, having an anode plane of
20 mm wires, with 2 mm spacing, placed 2 mm away from the cathodes and filled with pure methane.
The chamber was illuminated with an Hg(Ar) lamp through air (dominant wavelength 185 nm) and the
photocurrent was collected from both cathodes.

The photocathode ageing under a gas gain of 105, was measured by monitoring the decay of the pho-
tocurrent. The illuminated area was 100 mm2 and the total current density was limited to 0.05 nA/mm2,
in order to avoid local space charge problems. The decay induced by photons only, measured at gain
equal to 1, is of the order 20% after accumulated charge of 25 mC/mm2. As shown in Fig. 2.10, no
visible drop of QE was observed by Breskin et al. [7] up to a 2.2 mC/cm2 accumulated charge during a
UV irradiation done at a chamber gain of 105 in CH4 using an aluminized stainless steel substrate.

A summary of the status of CsI ageing studies can be found in [7]. Krizan et al. (see in [7]), observed
some drop of QE obtained with CsI deposited on different substrates (Sn).

As reported in Section 2.3.2.7, the rate integrated over one month of Pb operation is expected to
amount at 0.15 mC/cm2.

Figure 2.9: The decay of the QE of CsI layers evap-
orated on Ni/Au coated PCB under exposure to air at
a relative humidity of 35% [6].
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Figure 2.10: Ageing test under ion charge impact
[7].

2.1.1.5 Substrate and microstructural studies

Microstructural studies were undertaken in the RD-26 collaboration in an attempt to characterize CsI
films by the observation of specific features using different physical probes. The aim was to correlate
such features to a QE evaluation of the film and to serve as a quality control procedure. In addition,
these studies are necessary in order to understand the underlying physicochemical ageing process. We
shall report here only most important results. Some of these studies are still in progress thanks to a new
instrument described in Section 2.1.1.6.



¯ °\±³²g´jµS¶·µ�±¹¸ µSº ±,»i¼ ½C»Y²|¾ ´�¼C¿

58 2 R&D, Prototypes, Test Results

0

0.05

0.1

0.15

0.2

0.25

0 10 20 30 40

QE-PC19

QE-PC24

C
sI

-Q
E

 a
t 1

70
 n

m

Month

0

0.05

0.1

0.15

0.2

0.25

0 10 20 30 40

QE-PC29
QE-PC30
QE-PC31
QE-PC32

C
sI

 Q
E

 a
t 1

70
 n

m

Month

Figure 2.56: QE stability plots. Evolution with time of the QE of several photocathodes.

2.3.2.4 Proto-2: results obtained with single-particle events

Proto-2 was assembled in 1996 and the first large photocathode, PC26, tested at T11 in December 1996.
The four final PCs (PC29 to PC32) were processed and tested with small radiators at T11 from June
to October 1997. A first test of the detector fully equiped with four PCs and one full-size-radiator
tray was performed at the SPS in November 1997. Finally, two SPS test periods were scheduled in
April and July 1998, the second one with the complete radiator composed of two trays. Measurements
relative to PCs evaluation are reported here while those taken with beam interacting on target are found
in Section 2.3.2.6. Figure 2.57 indicates the position of the four photocathodes and of the radiator tray
for the test period when only one tray was mounted.

Figure 2.57: Schematic layout of proto-2 showing the position of the radiator tray relative to the four CsI pad
panels (PC29 to PC32) when using a single tray at the SPS test runs in November 1997 and April 1998. For the
July 1998 runs, the layout with two radiator trays is seen in Fig. 2.26.

Single-particle runs were taken to scan at three beam positions the four PCs at different particle
incident angles: 0, 2 5, 5, 7 5 . In addition to the evaluation of the detector, these runs are used
as databases to generate by software multiparticle patterns of known density by randomly overlapping
single events that are fully characterized. Their analysis is found in Chapter 4.
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a convex shape characterizes poor quenching property, typical of noble-gas-based mixtures (argon, he-
lium), associated with a negative θ value [35].

In addition to the gaseous generation from the primary avalanche in poorly-quenched mixtures, sec-
ondary electrons are also produced by feedback photons when CsI coated cathodes are used. In the case
of CH4, photons are emitted from excited carbon atoms according to three lines at 156, 166, 193 nm in
the ratio 30, 57, 13 [45]. In absence of quenching admixture, CH4 is transparent to these photon energies
leading to a photon feedback yield of Npf 7 7 10 6 G [46], where G is the gain of the primary
avalanche (Eq. 2.1). Therefore, the Polya model cannot be applied as described above since θ is not
anymore a constant but a function of the individual avalanche gain i.e. of the induced pulse height: the
higher the individual amplification, the more feedback photons produced.

This is illustrated in Fig. 2.21 by SE-PHDs measured in different gas mixtures with CsI-coated cath-
odes. Standard Polya fits are applied to the spectra providing A0 and θ values. The Furry curve of mean
A0 are superimposed on the measured spectra. Contrary to what is seen in Fig. 2.20, in case of negative
θ, high PHs are found in excess to the Furry curve with a poorly quenched mixture. In turn, using the
less transparent iC4H10 cuts off two of the three carbon lines (see transmission curve in Section 2.1.3)
and the SE-PHD (Fig. 2.21d) has a positive θ but shows a lack of high PHs with respect to the Furry
curve, illustrating its known ‘quenching’ ability.

In our experimental geometry and at a maximum gain of 5 105, the yield of photoelectrons in CH4
is expected to be 0.3 – 0.4 per avalanche, assuming QE between 0.2 and 0.3 and a the solid angle for
electron emission of about 1.5 π srad.

a)

b)

c)

d)

Figure 2.21: Single-electron pulse-height in different gas mixtures. A fit with the Polya distribution function is
shown, with parameters P1: θ and P2: A0. In b) and d) hatched lines are the Furry curves with mean A0.
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2.1 Basic CsI RICH components 29

2.1.2.5 Evaluation of the photon feedback yield

A method for evaluating the photon feedback yield in any gas mixture has been developed [47] and
currently applied to check the critical parameter Kpf 7 7 10 6 proposed by Arnold et al. [46] for
hydrocarbon mixtures.

For this purpose, a pad cathode was half-covered with CsI and photoelectrons were extracted using
a well-collimated UV source (deuterium lamp) from two spots, distant by about 10 cm, one coated with
CsI and the other one not coated, in order to compare the resulting SE-PHDs. The two spots are located
along the same sense wire, used as a trigger for the pad electronics in both cases. Measurements, shown
in Fig. 2.22, were obtained using a MWPC with a pad size of 8 8 mm2, 2 mm anode to cathode distance,
4 mm anode pitch and CH4, iC4H10/CH4, Ar/CH4 as gas mixtures. The SE-PHDs measured at the two
spots at different voltages were fitted to Polya distributions providing the θ values plotted in Fig. 2.23a.
Indeed, the adjunction of CsI results in making the θ values more negative than the one obtained with
bare cathodes. To simulate these measurements, by varying Kpf, a proportion of photon feedback photons
is added to a primary SE-PHD obtained from the fit of the no-CsI SE-PHDs until the θ value measured at
the CsI spot is reproduced. Figure 2.23b shows the simulated θ values obtained for different Kpf values.
A reasonable agreement with the measurements is obtained for a Kpf value of 7 10 6, close to the one
quoted in [46].

Figure 2.22: PH spectra of single electrons emitted from a cathode spot surrounded (right column) or not (left
column) by a CsI coating, measured at two chamber gains in CH4. The constant θ and A0 of the Polya fit are the
values P1 and P2 , respectively.
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Figure 2.73: Radiator thickness scan in proto-1,
PC24, 3 GeV/c PS beam test, chamber voltage
2250 V; full symbols: measurements; empty symbols:
simulation. Number of pads, number of resolved clus-
ters and resolved cluster size for pions (a) and pro-
tons (b) and total PH per event (c) as a function of the
C6F14 thickness.
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the large number (50) of photocathodes needed in the HMPID system. For that purpose, an extension of
the HMPID evaporation vessel has been built, described in Section 3.1.5, allowing for the evaluation of
the photocathode immediatly after its processing.

2.1.1.4 Exposure to air and ageing of small samples

After having reached the nominal QE value by applying the post treatment, Breskin et al. [6] exposed the
sample to air and measured the variation of the QE with time. In Fig. 2.9, it is seen that a short exposure
to air, less than 30 minutes, does not affect the QE.

Two processes are known to damage a CsI film: the exposure to a direct photon flux and the impact
of ions when used in a MWPC. We shall not discuss the first case since it necessitates photon den-
sity of 1011 mm 2 s 1, far from our Cherenkov application, but we shall report on some investigations
performed on the second one by Breskin et al. [7, 29].

Ageing studies of CsI photocathodes were done in a MWPC detector, having an anode plane of
20 mm wires, with 2 mm spacing, placed 2 mm away from the cathodes and filled with pure methane.
The chamber was illuminated with an Hg(Ar) lamp through air (dominant wavelength 185 nm) and the
photocurrent was collected from both cathodes.

The photocathode ageing under a gas gain of 105, was measured by monitoring the decay of the pho-
tocurrent. The illuminated area was 100 mm2 and the total current density was limited to 0.05 nA/mm2,
in order to avoid local space charge problems. The decay induced by photons only, measured at gain
equal to 1, is of the order 20% after accumulated charge of 25 mC/mm2. As shown in Fig. 2.10, no
visible drop of QE was observed by Breskin et al. [7] up to a 2.2 mC/cm2 accumulated charge during a
UV irradiation done at a chamber gain of 105 in CH4 using an aluminized stainless steel substrate.

A summary of the status of CsI ageing studies can be found in [7]. Krizan et al. (see in [7]), observed
some drop of QE obtained with CsI deposited on different substrates (Sn).

As reported in Section 2.3.2.7, the rate integrated over one month of Pb operation is expected to
amount at 0.15 mC/cm2.

Figure 2.9: The decay of the QE of CsI layers evap-
orated on Ni/Au coated PCB under exposure to air at
a relative humidity of 35% [6].
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Figure 2.10: Ageing test under ion charge impact
[7].

2.1.1.5 Substrate and microstructural studies

Microstructural studies were undertaken in the RD-26 collaboration in an attempt to characterize CsI
films by the observation of specific features using different physical probes. The aim was to correlate
such features to a QE evaluation of the film and to serve as a quality control procedure. In addition,
these studies are necessary in order to understand the underlying physicochemical ageing process. We
shall report here only most important results. Some of these studies are still in progress thanks to a new
instrument described in Section 2.1.1.6.

ê ¡3 �¢4£8¡  Të� A�9�:��æ� �ª�  �#¨��E� ªD �å��
ªì�� A� ��� �#¢�¡�� å#�8���'��£í «/î� /�Í 9¯+ �£ æ ¢&�B�8��«���¡#�8����¬ å#¨�¢�ï�������¢@��£7°
ð  �¬  ���¥�é ��ª?���� A�9��¢&¯G  �T��¯+ �ª;�Pæ� �ª�  �Bª�¢� A� ñ ¨�¢&�®�*¨@  �9«G�A�� T�E��°
ò ó ��ôB  �*�G  �����
¬ ­$ �ªõ¢4£ �9«G��� � æ��9¥ �*���,���B�G 
å#�8���:��ñ������B�8�7�
  öO­G�G��ô�å#¨��
£+  ��¦§�*�+  ���G��¬ ­X �ªÆ÷����
£ ­X 
 ,�-�%¢L¨�¥  �î����G�
£8¡3 A�I°



ø ù ú�û ü ý þ ÿ �
��� � � úrÿ � � ù ÿ ú ù ��ÿ

� ü � ü ý ÿ � ÿ � � ü ú��

� � 	�

� ��� ����������	�� ����	 � � !��"�#���$�#��!&% �'�(�*),+-!��"�#�.�"�/)0�1	 )0�
	����2�3+4)
5�)6��
87

� 9:�<;=�"5>�*+@? 
6�*+BAC� �D���D�E��F �*�G5>� � �.��	 �"H>�.�.�I�E�#J@H�
K
L�
�1� ��+M�<�#��! JN�O+�������+P� 7

� Q 	(�"; AC�*	>�*+N�<�/)0�1	 �RJS�/TU� �*+4)VF �*	<��� )0� H�	(!���+
�I�1F F )0�E�$)0�1	C)V	WA ��+X�I��	��D�3+YH>�$�3)0��	 7

� �Z)0�[H>��
&�C�����D��	 !��"�#�.�"�/)0�1	 ),	 A���� �*�*��F � �*+B��? � �*),	�A
!��$5>��
\�1� �.!&7

� 9])0A�� +N�G�E� �^�_��+N�G�3)0��	U? �*+P�^�C
`��F �<�/)6� %a),	 �>�*+b�3)`�*H�
`��+c)\J2
\��	�A
�E�*+dF �#�E�O� )V
e)
�f� )0� +M�.g^H�),+M�.! h F �O+i� j�k l 	(���.!��.! �D�
� �.�I�1F � �[�1F � �$�/)\�/)
5>� ; )\�3� m:n o=��7



p qsr p t u v r w x r y u z

{[| }~��3���3�I�Y�3�2�D���I�����3�V�E�1�3���3�K�[���@�
� � |(� �D���"�����'���[����� |���� � ��¡��[���Y�¢�E£G¤ ¥"�¢�¦�N�.�§�����[¡.���I�K���@¨©�3ªs�§�����
��«¬���<����� ~^¥��3���3�I�Y�3�2�D���I�����3�V�E£�­�®V¯ °²±$³<± ´ {�µ$µ$¶"·-{�¸N¹'µ�|

� � |I��� � ��¡��[���Y�¢�º�[��� � |>� �D���"�����'��£W�º¥��D�.�K¨©�'ª²�§����� ��«¬���<�����~1¥��3���3�.�Y�3�]�D�W�.���»�3�V��£�­s®,¯ °²±$³G± ´ {�µ$µ'¶[·½¼$¾�¸i¿�{"|
¹�| }~��3���3�I�Y�3�2�D���I�����3�V�E�1���f��� ���

� À �V�G�#�#�#�������$���3ª�� ¥��ÂÁ����V���²Ã �.�P���D¥�� � ��� ÄÅ����� ®e«¬���<�����
~1¥��3���3�.�Y�3� ÆÇ�����#���N�.�V� ¸XÈ[ÉG� �3�§��«-�3���f�[¡[���#�3¥I�"��Ê>���D�s�'ª
~1¥��3���3�.�Y�3� Ë.�¢�W¥��:®Ì«¬���<�����*£�ÍO�/�§�Ì£�®L�f�[¡Î¨�£ � �I��� ¹�¸i¿ £ {�µ$µ'¼ £O­s®,¯°²±$³G± ´ {�µ$µ'¶[·@|

� À �V�G�#�#�#�������$���3ª½Ä1®�~ÇÏ Ð µ3¿ �½®Ì�����3�P�/���Y�¢���/�[¡"Ã �I�P�D��¥�� � �W� Ä1®�~ÇÏ
~C���I�����3�V�E£�Ñ �I� �4�[¡���£ � �Ò�#�I�3�G£ � �I��� {�¹]¸Ó{�¶ £ {�µ$µ/¿ £Ô­s®,¯ °²±IÕWÖ
´ {�µ'µ$¶"·�|

� À �V�G�#�#�#�������$���3ª½Ä1®�~ÇÏ Ð µ$× � È ���ÙØ��#���Ì£�®
���Ú���3¡Û£�­U�3� |�{#¿Ü¸�¹<{ £
{�µ$µ'× £O­s®,¯ °Ò³<±I± ´ {�µ'µ$µ"·�|

¼�| Ñ�Ý � ¥��3�»���Þ�.���»�#���d�¢�W�<�1�/���3�K�"���@���
� � | ÝÒ��Ð¢�.�Ú��£ À ¥��'�»�W�]�I�����#���»�I�V��£�­s®,¯ °�±IÕ<Ö ´ {�µ'µ$¶[·�¼$¼�¸i¿[¶W|
� ¤ | Í^���D�������G£�~��#®OÑ�Ý � ¥��3�»������� ¥����.�D�E�s¥"�¢���»�.�K¨Ü�[��� «ß�¢�����3�K¨�£�­�®V¯
°²±IÕ<Ö ´ {�µ$µ'¶[·-{${�¶�¸Y{�¼$¶W|

� Á | À ����àS�����[¡ | £<¤ºËW®Û~ È Ï½¯ À ®KÆÓ£R~ È Ä^­âáGËWÏ&~U~ µ'×�¸Y{�µ�|
ã | �E�3�[¡��[���3¥��c�I�@���3¡ä� � «:�3����£ � �I¡ä�å�2¥����¢��¥����¦�¦���d�¢���d���D�

� À | ÄÅ���#� ¸dÈ �3�[���E£ �_� �/�P�"£W���æ�����[«:�3�M£ � �V� � �I�,�d�¢���/�[¡��[�����*�§�çªÚ��3¥/�[«Þè$�3�V�E£CÄÅ���3¥��3¡0���3�G£CË/�����[���Z´ {�µ$é ã ·
� Á |(� �[�.¡0�Ì£ À �§������� � ¡ç�D���'ª1� � �3�Ú���d�¢���=�'ªs«Þ�I¡ê�d�ä�Ó����� � �V� � �.�,�d�¢�W�3�[¡�[���Z�>�§�çªÚ�s�3¥/�[«©è$�3�V�E£*��� ÈIÉ�� �3�§��«:�3���f�[¡$���#�3¥I�"��Ê>���D�X���

Ï&�¢��¥ ¸dÈ ���3�V�/¨ ­²���3¡ç���/���[��� À �/�,�d���3¡ç� À ¥�¨�� ���D�E£�� | Á3�3�Pè$�3¡�´b�#���ç�»�.� · £Ã �.�P¡ç� � �����3���d�çëW�Â´ {�µ$µ<{�·



ì í î�ï ð ì ñXî�ò ó ô î�õ í õ ö
÷�ø

÷Þù�ú½û ü ó ý�ó ý.ýIî�þÿõ í � õ

� �������
	 � ��
���	�������� ����������� �"!#�$� �%�'& (�&��*),+-	 ./	*!#�0�%�213 4 5�6�7�8:9<;= > ;?A@CBED �/!
. (*�F)G)H	*!��I.F	�!#�0�J�21 ;K 4 ;?A@ 3 LM 9 ;NPORQ D 4 SUTVXWZY2Y T�[]\ 7"9 Q > ;N ^ ;?A@�D
;_ 9 ;N`OaQ D 4 S TVXW*Y TEbc\ d�egf[�hi[ \0j fk bcld Y e \ h bm\ j [ \Xl 7"9 Q > ;N ^ ;?A@�D

L ;n 9<;= O BXD 4od VXW lH\qp p rts Q ;_ 9 ;N`ORQ D > s ;N"M 9 ;N`OaQ Dcu 5�v d f[xw fy j e{z lm| 8 N | Q }G~��x�
� ��&�	 	*!�	*),+*1 �J���a� � � .��
	 ��� ��&
	 (���� �*��!�	*!���������&/� �	*��	�(]��)G��( ��	���. ��! �'&�	 .���)H	�(]�i� ��! ? .:�"��!#+ ���F)�� �"! ��&
	�
�*)�����(���	 ������&
	 �Z����!�� ;= 4 ;?A@�B��

� �'��i� � 4 S Tk ;n 9 ;?�@�B O BXD ^ ;? }G~ �-�
� ��&�	 	�!
	*)¡+Z1 �J���a� � � )H	'¢G� )G�%�c�R	�! �#� � �
),��£
�¤£-���¥�%�¦1 �Z�§	*!�	*),+*1�')H�F!#�R�¨	�),�� �'��i� � 4

> p�©6 | 9«ª Q D p�©¬�­®0¯ | 9Gª N D ° S ª Q � \a±� d³²�e l � d�² [ l }G~ ´-�
� &
	�)H	 ° S � �I�'&�	 	*��	�(]��),�"! .F	�!#�0�%�¦1 �F!
. � \ ±� d³²�e l � d³² [ l � �I�'&�	.-�"�¤£/��	 .��Jµ¶	�)H	�!����·�/�¸(�),���¹�I�X	<(0��� �"! �:	�)�	*��	�(]��),�"!�º



»½¼�¾ ¿
À�ÁGÂ�Ã#Ä Å¦Æ�ÇxÈIÀFÃ�É Å¦Æ Ê-ÈÌË Â%Í�Î Å¦Æ Ï-ÈÌË�Ð ÉFÐ*Á¦ÂJÑ�ÐÒ�Ó¹ÔÒ�Õ�Ö'×"ØÙÒ�Õ³Ö�Ú�Ø�ÛÜ ÓÝÞißZà Ý áâ-ã ß Ö ÓRä:Ó�å æèçÙé á$ê ë Óì ÓXícÓ/î�ï ðÕ à ë Ó'ñ ì Ó¹ícÓ Ø ê ðì ícÓ*ï ðà#òó Î-Â�ô$õö¼FÁ�¾ ÷Fø�À ÀFø�ÁHÐ<À
É�ù ô]Î#¼�Ë�ôúÍ'Î�Ð Çxû é á õ2À�ü]Í�¼FÁgË Î/Â�ü�ÎÉ-¼�¾ Â�Ã�À�ÍaÐ�ô�Í'Î
Ð ÁHÀ�ÍRÐ ¼Zõ§Ð*Ã�Ð*Á,Ä*ù øJ¼�ô¹ô À�Í Ã#¼"Ã ÁHÐ�ø�À�ÍiÂJÑ-Â�ôUÍiÂ�üÑ
Ð�ø ¼�ü
Â%Í�Â�Ð�ô�ý
þ ÿ Ð0ÍaÐ�Á�¾ Â Ã�Ð Í�Î
Ð ü�¼�¾ ¿/ø�Ð � õm÷FÃ
ü0Í�Â ¼"Ã � ç ����� î Û � ð � 	 � á
 ¿/Î#¼*Í�¼/À��xôa¼FÁ�¿�ÍiÂ ¼�Ã õcÁ¡¼�¾ ü*Á,¼�ôaô 
 ôXÐ�ü]ÍiÂ ¼"Ã 
�� ç�� � î ÀFÃ
É ô]÷¤¾Á«÷Fø�Ð�ô � � á õÙ¼¤Á ¼"Ã ¾ Àxôaô 
 ô]Î
Ð�ø�ø ¿/Î#¼*Í�¼�Ãxô Å � Û ��� È��


 Í�Î
Ð ��ÁÙÀ¤¾ Ð�Á,ô 
 ��Á,¼"Ã/Â Ä ÁHÐ�ø�À�ÍiÂ�¼"Ã � � ð Â�Ã ÍaÐ�Á�¾ ô ¼Zõ�� á �
 Í�Î
Ð É�Â ¿Z¼"ø�Ð À¤¿F¿
Á,¼ � Â ¾ À�Í�Â ¼"Ã � õö¼FÁ ô�¾ ÀFø�ø � � ç ����� î Â ôÂ�Ã
ÉFÐ*¿:Ð*Ã�ÉFÐ*Ã�Í�¼Zõ � À�Í�� � Ð<É � �

 ü�¼�ÃxôRÍiÂ%Í'÷�Ð*Ã�Í$ôXü<À�ÍmÍaÐ�ÁGÂ�Ã#Ä õcÁ,¼�¾ ��÷�À#ô0Â 
 õmÁHÐ�Ð Ð�ø�Ð�ü0Í'Á,¼"Ã#ô�ÀFÃ�ÉÍ'Î�Ð �gÐ]Í�Î
Ð ô�÷F¾ Á«÷Fø�Ð � � Â�Ã Í�Î
Ð ø�À*Á¡Ä/Ð � ¼�� 
 ¾ Àxô¹ô 
 ô]Î
Ð*ø�øÁHÐ�Ä"Â ¼"Ã�ý

þ  Ã�ÍRÐ�Ä�ÁHÀ�ÍRÐ Í�Î
Ð ü�Á,¼�ô¹ôIôXÐ<ü0Í�Â ¼"Ã ¼*Ñ
Ð*Á�¾ ¼�¾ Ð�Ã�Í�÷¤¾ Í�ÁÙÀFÃxôaõ Ð*ÁÒ�ÔÒ�Õ�Ö'×"Ø Û !ä Ó ß Ô#"ZÕ³Ö�×"ØÖ�×%$ &('*) å ç�+ ê é á � ð î á-, é Þ � áá ò ñ .Ó
, !ä Ó ß Ô#"�Õ³Ö�×"ØÖ�×%$ &('/) å á10 í Ó ä ÓÖ�× ò
, !ä Ó ß ðâ-ã Ö í�å é á ê à .2 à 2 Ó ò43
, !ä:Ó ß ðÕ³Ö�×"Ø Ó65 Ö�×7 Ô " Õ³Ö�×%8 Ø$ 9 ç�� �;: îË Î
Ð�ÁHÐ < Û Ü ÓÞ�ßZà Ý Ö í Â�ôúÍ'Î�Ð � Ã�Ð ôUÍ'Á«÷�ü]Í�÷FÁHÐ ü�¼"Ã#ôUÍ¹À/Ã�Í=�� ð ÀFÃ�É � á À�ÁHÐ Í�Î
Ð ÁHÐ<ÀFø{ÀFÃ�É Â ¾ À#Ä�Â�Ã�À*Á�ù ¿
À�Á³Í�ô ¼Zõ�Í'Î�Ð¼"Ã 
 ¾ À#ôaô 
 ô�Î�Ð*ø�ø¸É"Â·Ð�ø�Ð<ü0Í�ÁGÂ�ü ü�¼�ÃxôRÍaÀFÃ�Í ÀFÃ
É



> ?A@CBEDGF HIDKJ#@LF M/NPORQ S=T1UWVYX Z[S V U\V�]^_M%` ` FbacBd@4e
f ?hgi@dB6B�Fbgj` DKJ#@kJ NlJnm�BoMpgrq(s/t udOvQ U V S Txw�y gzF=@{HbM%a|@�?~}I�AF N�Mpg
BEDnF gzFK��J�B�?���?A@dB�?�m g�?�@LF M�N�BEDGF FbanFbgi�b�c�L��M/@1@Rmbg�M*@�@�@�F�mxB�?�M�a JpaG�
?�Bd@�@�JcBE�Ig�J�B�?�M%a�]
� D�?~g�� B�FKg�` e�?ha B�DGF M%HcB�?�mcJI��gzF=��?�M%a ��� �KJpaI?�@�DGF=@ JIaG� M�ap���
BEDnF @LF4m=M�aG� B�FKg�` m=M�a�B�g�?~}I��B�F{@   ¡^¢Fbg�Fba�£�M�� g�Jn�%?¤J�B�?�M%a�]
¥ DKJ#@LF*e-> ¦ § }*FK��M�¨ y JpaG� © J�}�Mb�GF B�DpgzF=@�D#M��A�ª]\« F ��F�B
BEDnF NlJp` ?h�¬?¤Jbg­N�Mpg�` �p��J N�Mpg®B�DGF ap��` }*FKg­M/N¯Fb` ?�B°B�F4�
HID#MbBoM%a|@ H*FKg;�paI?�B6B�g�JGmb£ HGJ�B�D �AFKa#�bBED JIaG� HID#MbBdM�a FbanFbgi�b�
?ha�B�FKg±�KJI� ²E³L´²cµ±¶�·%¸z²�¹ ¦ º¶=»r¼ ORQ T½ ³L¾=¿« DGFKa S V Jpan� �ªÀ �*M a#MbB��KJpa�?A@�D y B�DGF @LFbHGJbgzJ�B�F
?ha�B�FKg�HKg�F�B�J�B�?�M%a M�N�B�DI?�@CB�Fbg�` ?~a B�DGF mKgiM/@1@C@LF4mxB�?AM�a
�%?�@�@1M����GF=@ JIaG� ?�B ` J�� Fx�GFba }/F aGF=�pJcB�?��GF*]
Á J|@�B�B�FKg�` e�m{M�a#@dB�?�BE�GFKa�BP@Lm4J�B°B�FKg�?ha#� N[giM%` FK�AF4mxB�giM�a#@4]RÂ�B ?�@
J Ã���BEDnFbg�N�Mpgz� @�m4J�B°B�Fbg�?ha#� B�Fbg�` y @�D#M�¨�@ a#M gzFK��J�B�?���?A@dB�?�m
}*FKDKJ��I?�M��pg�JIaG� ?�@PBEDGF M%aI��� a#M�ac�jÄ�Fbg�M B�Fbg�` N�Mpg�FbaGFKgi�b�
BEgzJpa#@�NÅFKgi@ Æ�Ç ?ha BEDGF NlJbg®È��Lg�J�� gzF=��?AM�a y �IF{@LmKg�?~}*F{@vÉ��Lg�Jx�
HKgiMÊ���GmxB�?AM�aÊ]



Ë Ì Í�Î Ï Ð�Ñ Ð ÍÓÒ�Ð Í�Ô Ò Õ Ö
Ð × Ë Ñ Ø Ñ ÙLÑ Ì Ô × Ë Ô Ñ Ú ÒkË Û Ñ

Ò Í�Ì ÙLË Ü�Í Ñ ÜÝÛ Ë Ù�Ë Ô Ð ÜÞÕ Ì
ß_àcánâ�ánã=äcå�æ ç ènâêé�ëíìnâîë�äxáEé�ëðïIã ë�ñròGæÓñ°äcó�ëíôcæ�ò ô�õPé�å=æ ç ènâêé�ëíìnâîë�äxáxé�ë�ïIãäÓï�æ�ö ä4ë�æcãxé ÷ ølánâðñùï ú�óûñùé�ü�ï�ý6ãxñ[æcã�ò äÓï�æ�ö äcë�æcãxé[þ�ÿ¢ü å=æ ç6æxánã� ó(æ�æ ì4áEé1å ôcæ�ézý æ�æcã ë�ïIã#ë���ë ã�� äÓïIâ âîëðñ�ë�ïIãxñCë�ñ ���c÷ 	�áGã�ò � ïbó�áäxá�ñ°æCï � äÓïIãxñ�é°ánãxé\ú*æcâ�ò ïIã á�à{æcó±á
�#æ ����
 æcâ�æ�ä�é1óûïIã�ñYá4ó(æìcóûï�ò�è�ä�æ�ò ëíã áGã á�àcánâ�ánã�ä�å�æ�ïcà=æcóÝá òIë�ñ�éùáGã�ä�æ���ÿ
ü å�æ���è�äÓé�è�áxé�ë�ïIãxñ�ácó(æ�	%å�ï�ý æ�à{æcó�	�â�ácó��#æ�	�ëíã ì�ácóûé�ë�äcènâ�ácóªòpè=æ�é ï��è�äÓé�è�áxé�ë�ïIãxñ�ë ãRé�å=æ ãnèGç ôcæcó�ï � ë�ïIã#ë�ñdáEé�ëðïIã�ñ6ëíã�é1å�æ ëíã#ëðé�ëAánâpì4á4óûéï � é1å�æ á�àcánâ�ánã=äcå�ænÿ
ü å�æPòpëðñùé�ó�ë ôGèEé�ëðïIã ïcà{æcó�é�å=æ ãnèGç ôcæcó�ï � æcâ�æ�ä�é1ó ïIãxñ�ìcó ï�òpè�ä�æ�ò ëíãé�å=æ á�àcánâ�ánã�ä�å�æ ëðñ òGæcó�ë à{æ�ò á�ñ � ïIâ âêï�ý\ñ�ÿ
ü å�æ ìcóûïIô4ánônë âîëêézõ é1å�áEé;ánã æcâ�æ�ä�é1óûïIã ë�ïIã#ë��ÓæÓñYánã áxé ïIç é ïìcóûï�ò�è�ä�æ á ã�æ�ý æcâ�æ�ä�é1óûïIã ë�ñ æ��pè4ánâné�ï

÷����
� é°á4óûé�ëíã
� ý�ëðé�å ïIã�æRæcâ�æ�ä�é1ó ïIã ý æká�ñ���ý6å�áxé6ëðñ é1å�æ ì4ó ïIô4ánô#ëíâîëêézõ� �! #" �%$\é�å�áxé  æcâ�æ�ä�é�ó ïIã�ñWý�ëíâîâ�ó æ�ñ�ènâêé áEé�á òpëðñùéùánã=ä�æ��%&



')(�* +�,.-0/21�/�354638793�*�:;(21=<>*�7?- :@1A793B:DCFE 1G:H*�7I-JC�KL38M%*�,N*�OA793P1Q4*�RTSU1A793B-0O�: VV W)X Y[ZJ\ W%]_^ `ba X YcZJ\ W%]VV W X Yedf\ W%]g^ ` d a X Y�df\ W%]ih a X Y[ZJ\ W%]jkjkjljkjkjkjkjljkjkjkjkjljkjkjkjkjljkjkjkjkjljVV WmX Yon#\ W%]_^ ` n a X Yon#\ W%]ph Yon ` Z ]Da X Y!n ` ZJ\ W%]
q 3B79( 7r(�* /2-0SQO�Kf12,kE s�-0O�K03B7t3�-0O
:m7r(U1
7 q * (21�K 1 :u3vO
w04�**�4�*�s�7r,.-0O 1
7x79(�* /�*ywz3vO�O{3vO
wT|
X YcZJ\~} ]_^ ZJ�~X Y!n#\t} ]_^ }�\cn � Z j� E :yS�s�s�*�:c:u38<�* 3vOA7�*yw0,�1A7t3�-0O q *�w{*�7

X YcZJ\ W%]g^ �J�����
X Y�df\ W%]_^ �J���Q� YcZ ` �J������]

jkjkjljkjkjkjkjljkjkjkjkjljkj
X Y!n_\ W%]g^ � ���Q� YcZ ` � ���Q� ]�� �p�
�

'�1��235O�w 3vOA7�- 1�s�sy-0S�O
7x79(21A7 � �Q� 3�:�79(�* �b*
1�OG<�1�45S�*�-JC n |��n |q *�w{*�7
X Y!n_\ W%]g^ Z�n YcZ ` Z�n ]�� �p�
�

q ({3�s�( 3�:�C�-�, n ��� Z
X Y!n#\ W%]g^ Z�n �J�)� �� �


