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A LARGE AREA HIGH RESOLUTION COSMIC RAY
CHARGE COMPOSITION DETECTOR

J. F, Ormes,* V. K. Balasubrahmanyan, R. D. Price
M. J. Ryan,+ and R, F, Silverberg#

NASA/Goddard Space Flight Center
Greenbelt, Md.

Abstract

A detector designed to study the charge composition of the pri-
mary cosmic radiation in the range Z = 3 to 30 has been fiown on
balloons during 1969. The flight is part of a program tc study the
charge compositicn in the energy range 10 to 105 GeV. The telescope
consists of a four fold charge measurement using two plastic scin-
tillators, a Cerenkov detector and a mosaic CsI (Na) detector. The
intrinsic limitations on charge resolution due to statistical fluctua-
tions in energy loss are approached by correcting the pulse heights
for geometrical effects. This is ancomplished by calibrating the “e-
tector response in flight using a spark chamber to determine the par-

ticle trajectories.

*Part of this work was done under a NASA-NRC Postdoctoral Resident
Research Associateship.

+NASA-NRC Postdoctoral Resident Research Associate.

#University of Maryland



INTRODUCTION
Two years ago at this conference, (Ormes et al, 1968), an experi-
ment designed to study the charge composition of tha primary coswic

10

radiation in the energy range 107 to 10 ev from Balloons and

satellites was described. Since that time the‘experiment has been

7 £¢.3 balloon from Holloman Air Force B&se in Alamogordo,

flown on a 10
New Mexico, where the vertical gecmagnetic cutoff 1is g;GV. It reached
an altitude of 107,000 ft. where it floated for 15 houﬁs. The equin- B 5
ment was recovered near Houston, Texas the next day after a 30 hour
flight, We wish to presentrhere some of the detaiie reéarding the
operation of the charge detection section. E

i

To place this report uitn respect to the overall prdgram objectives,
a brief review is'appropriate;"The low energy charge coﬁpositicn”ﬁas L L
been thoroughly studied but essentially no direct informatlon is avail-

able above 20 GeV/nucleon. Recent work on the origin and propagation , ;

of the cosmic radiation (e.ga, see Ramaty and Reames, 1970)vsuggests
that many of the open questions may be answered by studies at higher ' , [
energies., An implication of their work is that the charge compoaition

may vary with energy and that an anisotroay may be present fo: heavier"

nuclei. Detailed charge composition 1nformation mnst be obtained as a

\:’

" function of energy in order to answer these questions.

\in
\

’For example, the nuclei in the charge range Z = 20-257arefﬁelieved

to be produced mostly by spallation reactions of iron in iLs passage

~through interstellar matter (Lezniak et al; 1969) An accurate moaaure-




ment of the relative fluxes in this charge range can lead to an
estimate of the mean amount of matter traversed by the iron nuclei.
This estimate can be then compared to that-obtaineg‘from the pro-
duction of Li, Be, and B nuclei from spallation of the carbon and
oxygen. This specific problem requires resolution of +1/2 a charge

in the iron region.

In Figure 1, the complete instrument is schematically illustrated.
At the top is the charge determination section, consisting of two
plastic scintillétors, a lucite Cerenkov radiator, and a CsI mosaic
scintillator, each 50 cm x 50?&m; These four detectors provide re-
sponse proportionél to.squarelof“the particle charge. Inciuded in
this section are four wire grid spark chambers (Ehrmann et al. 1967)
for détermining the direction and the position of the farticle pass-
ing through the instrument. Beﬂééghrtﬁis is an‘glectrbn céécade
section for measuring the electron spectrum and %p'ionization spectro-
meter for determining the eneté}ng the particle. This electron section
nas been flown and calibrated at thg Stanford Linear Accelerator Center
and will be discussed elsewhere. The operation and propérties of ion-
ization spectrometers ﬁave been described in detail elsewhere (e.g.,
sée Murzin, 1965, Jones, efvai:*1969, or Grigorov et gl,r1958) and will

ndt be discussed here.

| g In April the instrument will be flown from a balloon with an ion-
izétién spectrometer, This is the first sﬁep‘in a series of measure-

ments which will determine the charge spectrum as a function of energy.
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It is hoped the series will culminate in a satellite flight for it is
only with the long exposures that a statistically significant number

of heavy nuclei can be collected at 10}2-101% ey,

CHARGE RESOLUTION

The ability to éeparate adjacent charges is determined by three
main factors:
a. The intrinsic statistical fluctuations in energy loss
in the detector and the subsequent conversion of that
energy to light,
b. photo electron statistics, and
¢c. , all the geometrical,effects which produce variations in
the light produced and collected.
In this‘paper the intrinsic limitations on resolution will be discussed
first. Secondly the size of énd the corfeciioﬁs fof vari;us géoﬁétfi-
cal effects will be investigated. Also some discussion of the appli~
cation of the large area Cerenkov detector will be given.
Sincg tﬁe aim is to determ;ne charge within +1/2 a charge up to
and including Fe (Z = 26) resolﬁtion of +4% 1is required. The diffi-
culty of this task is illustratéd by the coﬁrectiqns to be outlined in

the following work. It is possible that an~intr1néic limit may exist.

In Figure 2 a summary of the intrinsic %esolutibns ih&olved is

presented. The dashed line represents the séparation between charges

and the points represent full widths‘at half makimum (FWHM) calcuiated

from the Landau distributions for a single detector. MNote that ‘at

i




8.4 GeV (near the mean energy of response for a balloon flight
conducted where the cutoff is 1.75 GeV/nuc) the FWHM exceeds the
separation for Z > 22, At high energies the problems extend well
down to Z = 16, This is further worsened by the skewness of the dis-
tribution becoming more extremé"at higher energies, This is shown in
Table 1 where the probabi}ity of a Z of 25 simulating the ionization
of other charges is given. (For reference purposes, the energy lost
by an Fe of these energies is abou: 1.3 GeV in a 1/4" plastic scin-
tillator.) This table illustfates that while the FWHM does not get
worse at higher energies the distribution becomes more skew making

possible an error of 1, 2 or even more charges.

It would appear from this table that our goal is completely un-
achievable above a few GeV/nuc. However, the situation is not as bﬁd,
as it seems at first hecause the fluctuations which cruse the skewness
of the Landau distribution are caused by the pfoductioﬁ of a feﬁ\very
high energy knock-on electrons. Since these knock-on electrons have
hsufficient range to carry their energy out of the detgctor, the dis-

tribution of light produced will not exhibit this extreme skevmess.

The tail from the distributions are effectively removed and th@fproblem
of fluctuations exhibited in Table 1 is greatly feduced. However, this
gives rise to another effect. Tben a‘significant~fraction;df the energy
lost goes into electrons which leave the detector so that the mean ligﬁg

outpﬁt is reduced, The last column in Table 1 shows thiskeffect becomes

important for iron at energies/above 25 GeV.-




Because any single meaauremenﬁ of charge is subject to these
statistical fluctuations, multiple measurements are essential. This
is why four separate measurements of the charge have been deemed
necessary. Extreme fluctuations will appear as an anomalous pulse
height value in only one of the four detectors, greatly reducing its
effect, ,

Once energy and charge measurewents become available simultaneously
it should be possible to study these effects. At any rate, because one
wishes to operate at the limit of the intrinsic resolutions, the varia-

tions in pulse height due to systematic effects must be reduced to a

few percent,

GEOMETRICAL EFFECTS

Because of the extremelyrlcw fluxes involved, a large geometric
cbllection .rea must be used in order to measure a statistically sig-
nificant number of:particles. This can belachieved‘bothkby using
large area detectors and by small separationiof the geometry defining

elements. In our case, 2700 cm?

ster has been adhieved using 50 cm x
50 cm geométry defining elements 30 cm apart. This small separétion
means that particles can traverse the detector at path lengths up to
2,2 x the minimum&path length. This 1s illustrated in Figure 3 which
shows the differential geometry as a fﬁnction of path length‘in thew.
detectors. Most path lengths are near the minimum but the long ta11 
is extremely ;roubléséme when tfying to sepﬁfate a rafe chargé{ffomf

)

an adjacent abundant one.,
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A spark chawber has been used to calibrate Zhe response fcx
the geometrical effects., 1Its operation is cor.;ldered briefly.

a. Spark Chamber. The technique of combining spark chambers
with charge devices for better resolution using larger areas is rela-
tively new., The group at the Danish Institute has reported its uee
in studying the cosmic rays up to the 1 GeV range (Corydon-Petersen,
et al. 1969).

In this application the particle trajectcories are determined
using foﬁr pairs of perpendicularly oriented wire grid planes. The
position of the trajectory is stored until readout in magnetic cores
at the ends of the wires. There are 200 wires spanning the 50 cm
detector length separated by 0.1 in. |

Because the detector must be sensitive to electrons aqd iron
" nuclei, the spark chambers are being required to operate over a very
large dynamic range in dE/dx (almost 103). In addition they must
operate in the’presencéof all the knock-on electrons produced by
high 2, higﬁ‘eﬁérgy, particles. The spark chambers are operated at
the knee'in the efficiency voltage curve, about 2750 volts, This
yieldé an efficiency of x 98% for singly charged minimum ionizing
particles;]the sea level muons. ‘At this voltége”between 1.5 and 2
wires were;seixber spark, During the flight‘this spark spreading &as
‘found to ihcregse with Z up to qbdﬁt‘S at Z = 3, Unfortﬁna:quhgt
these 1ar§é vélues of spreading an electronic inefficiency developes
in the abélity to read outzthé sét cqres{and so it is not poésiﬁlé to

measure tﬁe spreading at higher Z values., This inefficfency fesu}ts,ﬂw

(=
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in unset cores within bunches of set cores and confuses the exact
location of the track. In addition, the knock-on electrons which
produce satellite tracks, increase like the square of the charge. At
1.5 GeV/nuc. approximately 7% of energy lost by a particle in crossiug
the spark chamber goes into electrons with sufficient range to cross

all four grids.

Because of the large écattering suffered by these low:energy
electrons, they tend to random walk away from the trajectory and pro-

duce extraneous breakdowns.

The net result of these effects is that as Z increasés, an in-
efficiency developes in the ability of the algoritims developed for
computer analysis to dg;grmine the trajectory. This 1ne§fic1ency,
while greatly-complicatihgthe data analysis, can be,detérmined and so

corfect fluxes can be derived.

A spark chamber track for a carbon nucleus is illustrated in
Figure 4. The chamber is separated into an x, z view (ubﬁer 4 lines)
and a y, z view. Every 5th wire is shown as a dot and %ach set core

is denoted by a verticle line,

Because of these difficulties with one spark chamber one muét
convince dneself that the detector is giving trajector%és correct to
within a few degreés. 1f satigfactéry, then the trajeééories can be
used to make corrections of up}thOO% to the puise he#ght‘Values with

confidence. In Figure 5, we have plotted a histogramfbf numbers of

‘0
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particles at various zenith angles. This can be seen to agree quite
closely with the differential geometry as a function of zenith angle,
except possibly for a slight absence of particles at large zenith
angles, This slight deficit, if in fact real, can be understood in
terms of the increased atmospheric absorption of carbon at larger
angles. This good agreement indicates that the trajectories must be

accurate to within a few degrees.

b. Zenith Angle Corrections., Since all of the detectors respcnd
proportionately to the path length, this effect represents the largest
correction which must be made, Even in the range of charges carbon,
nitrogen and oxygen, the most plentiful of the cosmic ray heavy nuclei,
carbon at secd > 1.55 looks like oxygen and between sec® = 1,2 and 1.55
looks 1like nitrogeh. In'therrange Z= 20 to 30, a chargé‘éﬂ éan look

like a charge 28.

The sec® correction is checked using carbon nuclei because they
are the moét plentiful and because they lie in the fange of dmplifica-
‘tion where no nonlinear effects are present. Since this correction
ought to be proportional to secO®, all pﬁlse height values are correctéd
by this amount. The resultant charge resolutién is quite adequate for .
identifying the carbon huclei on two dimensional‘hietOgraep. Pulse
heights from the four detectors are then selected to‘inclu&g only
carbon nuclei, and a two dimensionaiihistogr&m is made of the response‘

of the detectors (uncorrected) as one variable and zenith angle as the

other, All these data points are then fed to a computer proéram which

—
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finds a poclynomial is weighted by the number of events at a given

angle so the curve should be most accurate between 15 and 45°,

The data is shown in Figure 6 for the four detectors. As can
be seen from this figure, sec® is a good representation (within 2%)
for the two plastic scintillators S1 and S2, A previously reported
deviation (Ormés and Balasubrahmanyan, 1969) has subsequentiy been

found to be due to analyzer non-linearities.

In the case of Csl the agreement is not good beyond‘40°¢ This
discrepancy can be understood in the following manner. The CsI scin-
tillator is placed in a box painted white with photomultipliers at the
four cérners. The tubes face the white surface opposite the CsI and
there are no direct pgths for light to follow frqn the scintillators
into thefghotocathodes. However, light which comes from a spot near
the tubes is collected more efficiently than light from the center.
WInlfact when the detector is divided into nine squares, the center
square if‘found to produce>about 157% less signal than the average from
the othéf areas. This affects the response as a function of zenith
angle bécause extreme trajectories cannot pass through the central
region. The enhancement at large zénigh angles is due fo trajectories
which come nearer'to'ﬁhotomulfipliers aﬁd thus produce largegﬁlight
pulses. The less extreme trajectorieé are.distyibuted‘mgch more equal=-
ly across tﬁé area of the detecﬁof; Understanding the cross'coupling
of two éeparﬁté‘geometric éffectgl;uch as thgsg‘is sometimeé quité

difficult.




c. Positional variations. Variations in response of the £l

scintillator have been studied as a function of poéitiom. The detector
is viewed by photomultiplier tubes through adiabatic light guides
attached to two opposite edges, defined here as the y = 0 and y = 50
cm ends, Light striking the two open edges will either be lost or
totally internally reflected. The light collection efficiency F(x,y)
is in general a function of two variables, ﬂ

F(x,y) = g(x)h(y)£(x,y)
It can be expressed as the product of a separable part g(x)h(y) and

an inseparable part f£(x,y).

In Figure 7 the relative responses as functions ofiposition are
plotted as percentage deviations from the mean. The function h(y)
varies systematically from -3% near the edges to +3% in the middle.

The function g(x) is constant within errors. Since the variations in

F(x,y) are somewhat larger than those of g(x) and h(y), £(x,y) must be

comparable to or greater than g and h in certain localized spots. The
most extreme case is the lower right hand corner which secms to be 6

or 7% below average.

The variation in y pbsition is quite symmetrical reflecting good

balance in the gain of the two photomultiplier tubes. This variation

with a peak at the center is consistent with the shape of the attenua-

tion curves for Pilot B (Walker, 1969). However the amplitude of this

variation is larger, probably due to the different~geometry.
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The responses of the three scintillators have been found to he
independent of the azimuthal angle of the incident particles to within
+2%. This is consistent with the isotropic nature of the scintillation
light production process. Any variation of this sort in the CsI re-
sponse could have been attributed to an imbalance in the gains of

photomultiplier tubes at the four corners.

d. Cerenkov., The Cerenkov response as a function of zenith angle
is shown in Figure 6.’(A150 shown is the calculated response based upon
the fraction of the_iight which is totally internally feflected (Jelly,
1958). The respocaé varies much more strongly than predicted. This is
n¢£ yet understood. The 1/2" thick Lucite radiator is being viewed
through all four edges by adiabatic 1light guides; The outputs éf the
four photomultipliers are then summed. Minimum ioniziﬁg pcrticles are
producing between 1 and 2 pﬁcto;electrons, bnce chcrﬁecsured zenith
angle variations are corrected thc resolution is found to contain a
FWHM~bf ~ 30% due to other geometric effects. This means that eg;n at
ﬁ'carbon photc-electron statistics still dominate the resolution. Azimuth-
al variations reflecting imbalance of the photomultipliers (obviously
- very @ifficult to balance using muons) are +9%. It is possible that
the variations with area which have not yet been cuccessfully deter-

mihedrare iargc‘and coupled with the zenith angle“variﬁtionsﬂ

At this point it is not possible to use the Cerenkov for accurate
charge measurements, but it does provide a useful consistency check on

‘the scintillation measurements. It has also been very~uaefu1 in rejecting
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low energy background which is copious at our depth of 7 gm/cm2 in

the atmosphere.

COl:CLUS ION

A charge histogram which results from this analysis is shown in
Figure 8 taken from a two dimensional distribution of S, vs Csl.
This data includes only the zenith angle corrections. Unfortunately
an amplifier saturation problem at about Z = 22 confuses the CsI re-
sponse in the high Z region and so the goal of +1/2 a charge has not
really been adequately tested. However, it looks as though variations
of a few percent can be calibrated, especially in those cases where the
appropriate variable can be determined. Once this has been completed,
it should be possible to decide whether #n intrinsic charge resolution

limitation exists or not at these energies.
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Figure l, A schematic drawing of the experiment. The charge identi-

' fication section at the top cuntains the two plastic scin-
tillators which define the geometry, the Csl scintillator viewed by
four PM tubes at the corners of a white light diffusion chamber, and
the Cerenkov counter viewed through the four edges through adiabatic
light guides, This section also contains four spark chamber grids for
determining the trajectories of particles through the apparatus, The
second section i1s a Tungsten scintillator sandwich primarily for elec-
tron measurements. The bottom section is the ionization spectrometer
for measuring the energy of the nucleonic comporents. It consists of
iron with scintillator slabs every 1.5 radiation lengths.

Figure 2, The intrinsic resolution due to Landau statistical fluctua-
tions in energy loss as a function of 7 (solid curves) com-
pared with the resolution required to separate adjacent charges.

Figure 3. The differential geometry as a function of path length
through the detector.

Figure 4, A spark chamber trajectory for a carbon nucleus. Note the

satellite sparks near the trajectory which are presumably
due to knock-on electrons., This figure is from a slide taken of a
2250 graphics display unit which can be used to look at individual
events. The pulse height values for the 16 detectors are given at the
top in convenient representations.

Figure 5. Comparison of the zenith angle distribution of detected
carbon nuclei compared with the differential geometry as
a function of zenith angle. o

Figure 6, Response of the four charge detectors as a function of path

length through the telescope. The data are compared with
calculated responses., Note that the scale for the Cerenkov response
curve on the right hand side is different from the other three.

Figure 7. Percentage variations from the mean response as a function
‘ of position and of the linear dimensions of the Sl plastic
scintillator. “ | |

‘Figure 8. Charge histograms from balloon flight data.




*SSOWOTY3 1010919p 9yl uey3 193eea18 sBuel YITA SUoIIDRTe o3jul AB18us FO ﬂrmmwmwwﬁwﬁu‘wmwﬁzew E¥
*uox310971° déy&b@ﬁ&.ﬂﬁ@ﬂww e 03 pailajsueil aq uUed YoTym £Si1eus wnuIxXew 9y3 ST TF MsWyf
%S °ST st 4 Lg" Ls* AN 40T 00T €6
%01 Lo° y1° 1€° st r4 SR ) v 1€ L°82 -
%€ 0 10° ot 9z° 100 20T ot w'g
%870 0 0 zo° 8 S L0c 1°L LS
ano ., : | — -
= 3 (¢ LT Q4 (6Lt - 67927)d (692 - ¢°S2)4d (¢°gT <)d (692 >)d  x(A2H)FT zow _ 4 ?mw\%wv
z (3xaug

T2[OnN UCI] OTIISTATIEL[IY I0J SUOTINQII}IST(J NEPUET U0 SOTISTIeIS 2WOS

1 T19VL



FIGURE 1

S0CM

6.4 MM THK PLASTIC SCINT.

12, 7TMM THK U.V.T. LUCITE
CERENKOV COUNTER

o— LUCITE LIGHT PIPE

A
I N
£
50 CM
DIFFUSION
CHAMBER —— 6.4 MM PLASTIC SCINT ]
cTTTT 3 MM THK Csi(Na) SCINT. Feo==
e | —— ———— . ,
Fu R | — L 3MM THK TUNGSTEN
1 . * L !
D- : ! : : = = by ,
™ — L—+—6.4 MM THK PLASTIC SCINT.
' L.J ;_ |
PM,
m——— = » /
o 77777777777 7777 777 7.
. L L LD
7777 7777777777777
— 7777720777777 77777 227 } ocms Am sl
I M, 7 _ 5 .
' Ll o
PM, L
L7777 77T s awm TR PLASTIC SOINT
PM ;
—
; fo—— 27 MM THK IRON
'P " WIS IS IS VI IO BIIY. o
- L L L
™ VIS IS/ VIO IOV IIIIIIIY.
i L

~ IONIZATION CALORIMETER




A i i

%ﬂ:ﬂ&s!ﬂu o

FIGURE 2

LANDAU FWHM (%)

24

20

16

12

.‘
\
\

(z+n?- 22

NN
/\

+ m =95 =2> 2.1 GeV/nuc
. y2 =50 =2> 5.7 GeV/nuc
8 r2:10%2 => 8.4 GeV/nuc
o y2=103 => 28.7 GeV/nuc

O r2=10% => 93 GeV/nuc,

20 24 28 32




- d6

( ARBITRARY UNITS)

di

14

12

FIGURE 3

LIFFERENTIAL GEOMETRY
PER UNIT PATH LENGTH
VERSUS PATH LENGTH

|

— |.2

. .
14 1.6
PATH LENGTH ( LS

o

|
1.8
= SEC )

2.2

% A S L R T




©

FIGURE 4

is

ZO0+36pESY° Y

0

6

0

0

= WH4lv

6

o

6

9

0
e

%

~ 80F 3JLVNIWN3L -

INJA3 LX3N SS320¥d°

M3N G0  LN3A3 3AvS
A X Ad0OLI3CYAL 3LYINDTVIIY
| | *SNOILd0
Z0-3€G0LL 'S = X333

o' o ® o e & ® o o. ®

20-3165vE" b = AN¥3
i-O ,

3NV - X
) = "ON LN3A3

6 6 06 B81f BIf ZEF 4OF LY OLf LIS 82¢
(G3L238402) S3INTA Hd 11

o o 0 2T #ZT LET PIT PL  LLS BZT 9SS
(Q3LI3J40INAY) <31 WA Hd 1}

10+3484kE°Z = VL3HL



~ NUMBER OF PARTICLES

250

200

150

100

90

FIGURE 5

ZENITH ANGLE

ZENITH ANGLE DISTRIBUTION OF
CARBON NUCLE!
r -y
/
. \

o -

[ NN N S T ] +L
o) 0o 20 30 40 50 60

70




RELATIVE RESPONSE

20

.0

FIGURE 6

RESPONSE vs FUNCTION OF ZENITH ANGLE

+ FIT TO CARBON DATA
1 — THEORETICAL

CERENKOV

i
if

1
N

]
o

RELATIVE RESPOMSE |

[5]

"20 30 40 50 60 O 10 20 30 40 50 60

ZENITH ANGLE

70

a‘& e




SURPAS T TR SR SRR S

ST NPT

FIGURE 7

Ol-

MM g i ¢ L e g R A B

ol+

i
X LO0ON—=|}F-—02

oS

Ol }

0c

3

0O
<

ML i T S R O TR T

- ot oS e oot SO

I I
RIS

111! Ho

NOILISOd A -

oY

0

o2 O

S+

Sl+

Sv+

g+ £-

¢+

g1 -

Sv+

¢+

S+

ERUE




NUMBER OF EVENTS

220
200
180
160
140

120

100

80

60

40

20

et T S L

FIGURE 8
80 - -
70 |- 12 -
‘ S; vs Csl

’..
&
W
> 50 t -
AL
© 40 | ~
x
W
m
s 30 |- -
=2
4

20 |- .

0 -

{ 1 i § A - 1 i 1 oI |
0, 50 100 150 200 ' 250 300 350 400 450
RELATIVE PULSE HEIGHT
S, vs Csl
b 20%| ¢ . 8 -

] 1 L | | I W | ‘ ¥ sl S
’ 100 - -200 300 400 500 - 600

RELATIVE PULSE HEIGHT




	GeneralDisclaimer.pdf
	0001A03.pdf
	0001A03_.pdf
	0001A04.pdf
	0001A04_.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf



