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Bayesian inference is applied to calibrate and quantify prediction uncertainty in a coupled multi-component
Hall thruster model. The model consists of cathode, discharge, and plume sub-models and outputs thruster
performance metrics, one-dimensional plasma properties, and the angular distribution of the current density
in the plume. The simulated thrusters include a magnetically shielded thruster operating on krypton, the
H9, and an unshielded thruster operating on xenon, the SPT-100, at pressures between 4.3—43 pTorr-Kr and
1.7-80 nTorr-Xe, respectively. After calibration, the model captures key pressure-related trends, including
changes in thrust and upstream shifts in the ion acceleration region. Furthermore, the model exhibits predictive
accuracy to within 10% when evaluated on flow rates and pressures not included in the training data, and can
predict some performance characteristics across test facilities to within the same range of conditions. Compared
to a previous model calibrated on some of the same data [Eckels et al. 2024], the model reduced predictive
errors in thrust and discharge current by greater than 50%. An extrapolation to on-orbit performance is
performed with an error of 9%, capturing trends in discharge current but not thrust. These findings are
discussed in the context of using data for predictive Hall thruster modeling in the presence of facility effects.

I. INTRODUCTION

Hall thrusters are the most widely-flown type of electric
spacecraft propulsion device, but despite their popular-
ity but they remain challenging to model. Predictive
models—those which can accurately predict the plasma
properties and global performance features of a thruster
from geometry and operating conditions alone—are a long-
standing goal of the Hall thruster modeling community.
Unfortunately, poorly-understood physical effects have
to date prevented such efforts from reaching fruition. In
addition to the well-known problem of anomalous cross-
field electron transport,! there are also many subtle and
hard-to-model interactions between a thruster and the
vacuum facility in which it is tested. These “facility
effects” lead to thrusters performing differently in con-
ditions attainable in on-ground facilities than they do
in space.?® These effects complicate efforts to correlate
ground test data with in-space performance, increasing the
expense of thruster development and qualification. In the
absence of physics-based models for the aforementioned
phenomena, engineering simulations of Hall thrusters rely
on phenomenological models with parameters that must
be calibrated to match data.® These modeling choices
introduce uncertainty which should be quantified.

To address this challenge, we apply a multidisciplinary
modeling approach. We model the thruster-facility sys-
tem in terms of a series of modular components which
interact via a limited set of coupling variables. We then
apply Bayesian inference to calibrate the coupled model
against data. Once calibrated, we make probabilistic pre-
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dictions at operating conditions and facilities outside of
those on which the model was trained. There are several
advantages to this approach. First, the modularity allows
new facility effects to be incorporated without changing
existing models. Models may likewise be upgraded or
replaced as improvements become available. Lastly, our
approach places uncertainty quantification in a central
role. As calibration is done probabilistically, we obtain
not just point estimates but full distributions of model
parameters and predictions of key quantities of interest.

In our 2023 paper,'? we used an previous version of
this model to calibrate the SPT-100 thruster across back-
ground pressures. While we obtained promising results
using a surrogate, predictive accuracy on held-out test
data for the model itself was larger than 30%, We take sev-
eral steps to address the limitations and outcomes of the
prior work, and we extend the analysis beyond the SPT-
100 and to new operating regimes. Specifically, we make
the following changes: 1) the computational expense of
the thruster discharge model has been reduced by greater
than 50%, which removes the need of a surrogate model
during the UQ analysis, 2) the Bayesian likelihood has
been updated to limit over-confidence in learned model
parameters, 3) the pressure-dependent models for neu-
tral ingestion, acceleration region shift, plume divergence
angle, and anomalous electron transport have been re-
vised to better match experimental trends, and to better
allocate model parameters.

These changes, particularly the updates to our mod-
eling assumptions, result in a model that agrees with
experimental data to within 10% for thrust and discharge
current, with similarly low errors observed for the ion
velocity, cathode coupling voltage, and plume ion cur-
rent density. These results improve upon our previous
work, in particular with respect to thrust and discharge
current where the model test errors were 30 and 53%,



respectively.'® We additionally simulate a magnetically-
shielded thruster and demonstrate similar performance
using less data.

This paper is organized as follows. First, in Sec. II, we
describe the component models, the experimental data,
and the methods we apply to calibrate the model. In
Sec. I, we demonstrate that our coupled system model
exhibits improved prediction accuracy and can extrap-
olate to a held-out validation dataset. Next in Sec. IV
we comment on the applicability of our results to Hall
thruster engineering design and consider the limitations
of our approach and possible avenues for improvement.
Finally, in Sec. V, we summarize our findings.

1. METHODS

In this section, we describe the models in the coupled
framework, the experimental data, the calibration proce-
dure, and the uncertainty quantification approach.

A. Model

The Hall thruster system model, depicted in schematic
form in Fig. 1, comprises an analytic cathode coupling
model,"' a one-dimensional fluid code for the main
thruster discharge,'? and an analytic model for the ex-
pansion of the plume into a vacuum chamber.!3 We
use these models to predict five quantities of interest
(Qols): thrust, discharge current, cathode coupling volt-
age, axially-resolved 1-D ion velocity, and the plume ion
current density.

As illustrated in Fig. 1, each component model influ-
ences different Qols. The cathode model computes the
cathode coupling voltage—the voltage needed to extract
cathode electrons into the Hall thruster discharge plasma.
This voltage determines the effective potential drop ap-
plied to the thruster model. The thruster model then
outputs the 1-D axial distribution of plasma properties in
the thruster discharge channel and near field plume, such
as the electron temperature and ion velocity, the discharge
current, ion current, and an “uncorrected” thrust. These
last two outputs pass to the plume component, which
models the angular distribution of the ion current density
at multiple distances downstream of the thruster. We
compute the divergence efficiency from this distribution
and then use this to “correct” the thrust to account for
divergence losses.

Each of the component models has a functional de-
pendence on the facility background pressure, enabling
the coupled system to capture a wide range of pressure-
dependent phenomena. We define the system model as

y =f(x) = [f1(x); F2(x); 111 Fo(X)]; (1)

where X and y are vectors containing all model inputs
and outputs, respectively and Q = 5 is the number of

Qols. We split the model inputs X into 000000000 0000
0000 d and 00000 0000OIO0000 . Operating conditions
represent the experimental conditions at which the data
were obtained. These may be known to within some in-
herent, irreducible uncertainty (000000000 00000000000) due
to measurement precision or noise. In contrast, model
parameters are unknown a priori, and have uncertainty
that can be reduced by calibrating with data (000000000
00000000000).

Both and d can be further broken down by com-
ponent, with subscripts C, T and P denoting cathode,
thruster, and plume, respectively. Tabs. I and IT list each
component’s inputs and outputs. We use Bayesian infer-
ence, described further in Sec. IT C, to calibrate the system
against data and characterize the posterior distribution of
the parameters . After calibrating, we use a Monte Carlo
analysis of model predictions to understand the relative
magnitudes of the aleatoric and epistemic uncertainties.
This procedure is described further in Sec. ITD.

00 0000000 0boonoo Oooon

The cathode coupling model, developed in Ref. 11,
predicts the cathode coupling voltage, V¢, as a function
of facility background pressure Pg using the following
physically-derived relationship:

P T,
Vee = Vvac + Teclog 1+ £ PT% Ps; (2)

where V4 is the expected coupling voltage at vacuum,
Tec is the effective cathode electron temperature, P is
the pressure at which V¢ stops increasing, and Pt is the
base pressure. We treat these four quantities as epistemic
model parameters.
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We use the open-source 1-D axial fluid Hall thruster
code OOII00000I00002 to model the thruster discharge.
This code models a quasineutral, multi-species plasma of
neutrals, ions, and electrons subject to an accelerating
potential. HallThruster.jl solves a continuity equation for
the neutrals, both continuity and momentum equations
for ions, and an electron energy equation. It then models
electrons as an inertialess fluid and computes the electro-
static potential and electron current density using charge
conservation and the generalized Ohm’s law / quasineu-
tral drift diffusion approximation.”'4 We consider only
singly-charged ions in the present work, although the code
supports up to three. HallThruster.jl uses V¢ calculated
by cathode coupling model as the electric potential at the
right (cathode) boundary. The model outputs thrust and
ion current, which are passed to the plume model, as well
as discharge current and many spatially-resolved plasma
properties, including the axial ion velocity.
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rBi?BM 2TBbi2KB+ M/ H2 iQ'B+ mM+2'i BMiv- #mi 7Q" Qi?2 b
i?72 KQ/2H M/ /i /Bz2 2/ 2p2M 7i2° + HB# iBQMX h?Bb
mM+2 i BMivr b KQbi 2pB/2MiBM T 2/B+iBQMb O7 BQM p2HQ +Biv o
7Q°i?2 aSh@Ryy M/ BQM +m  2Mi /2MbBiv RGP s[WxMARB2D Q7 BMi2 2bi
#Qi? + b2b-i?2 2TBbi2KB+ M/ H2 iQ'B+ mM+2'i BMiB2b r2'2
HQr r2BH2 H *;2 /Bb+ 2T M+B2b 7°QK i?2 AM2@BRAMBHIQIF M/ Qm T 2pBQmb rQ F-
2K BM2/X h?Bb KBbK i+? "2~2+ib i?2 @iV HBHEiM B7QIM2 2bmHib iQ i?2 b K2 }p2 :
+?2Qb2M KQ/2H 7Q K iQ ++m’ i2HvV + TimQIMTTHBM2p@Hii?2- i? mbi- /IBb+? ;2 +m 2
/i -bm+? bi?2Qz@ tBb T2 Fb BM i?2 +m7/ BRQiW2VMbBIWMQT2MbBivX 1 +? Q7 i?2b2 Z¢
i?72 >N Q' i?2 2ti2M/2/ BQM # +F~Qr "2;BQM3®7iBQEMSTH@+2/m 2 "2/m+2 mM+2'i BM
RyyX h?2 M2mi> H BM;2biBQM KQ/2H r h2MQT7?R " bk2m2 ¥®XQG +FBM; /i 7Q QM2 Q7
KQ/2H mM+2'i BMiv- b Bir b QMHvV T “iBBHHY bim+H2ibBoM ma2 3N i° BMBM; / i b2i- H2,
+ Tim BM; i'2M/b BM i? " mbi rBi? # +F; " QMMbT2BbMNI2KiQ #2 TQQ HV@+QMbi> BM2/
"Q#mbi ++QmMiBM; Q7 KQ/2H 2°°Q  BMQt2y2b B iM2+QMiptiBH #H2 7Q° bQK2 Q7 Qr
rQmH/ #2 r2H+QK2 //BiBQMiQ Qm"™ 7" KPBRBF2ANMIGBRMVMB HHV “2/m+BM; i?2B" 2{+ +
+iBp2 ‘2 Q7 "2b2 “+2X + HB#  iBQM T°Q+2/m- 2 iQr '/ T 2/B+iBp2

qBi?Qmi i?2 #BHBiviQ BM+Q ' TQ  i2 KMQIRM ¥ K 2+Ri°" BMBM; TQBMi-i?2 /Bb+?
BMiQ Qm™ + HB#  iBQM T Q+2/m 2-r2 + M24i2KyTjia@Q2 Q42 i? mbi2'b- M/i?2/Bb+? °
Bi #v BKT QpBM; i?2 ~2tB#BHBiv Q7 i?2 W@ MP2X b2 /298 7Q  i?2aSh@Ryy M
AM/22/- Km+? Q7 i?2 BKT ' Qp2K2Mi 7" QK QMQ "Ti?2pBNXnb2BBK2 Mii? ii?2 + HB#" iBQI
rb2M #H2/ #v Bi2  iBp2 BKT Qp2K2Mib bQMi@27iQ " md/iPQ ;2M2° HBx2 + Qbb H ;2 +°
+QKTQM2Mi KQ/2H M/ Bib T * K2i2'Bx iBQMX 222 M RAViBHQ #BHBiv iQ "2bTQM/ iQ
THMK2 KQ/2H bi M/b Qm" b M22/BM; BEQHQp2K2IWi2 BKBi+i Q7 i?Bb /2}+B2M+v #2 1
+ MMQi KQ/2H /Bbi'B#miBQMb BM r?BBMi@MmT2iiR KM 22~ TQH iBQM iQ Q #Bi-
/[2MbBiv Q++m'b rv 7'QK i?2i? mbi2° +2\Wi2 HB#M2i20mpOHib;2 "2bTQMb2 Q7 i?2 KQ/?2
BM i?2 >NX hQ “2K2/v i?Bb- Bi rQmH/ 2iBR?2 HB2Z2/i2Q BW2bbm 2@ 2H i2/ i'2M/bX AN
2tT M/2/rBi? //BiBQM H T?vbB+ H M/ 2RK2QB+Q@M2BiBQMb BM i?2 i BMBM; /i K\
UT "iB+mH "Hv "2; "/BM; MMmH "~ b? T2 0Qb22 BAHMMmdIi2BMiv 7m i?2° M/ HHQr2

M/i?2 bbQ+B i2/ 7Q+mbBM; Q7 i?2 BOQMZAXV2R2 2HBIx2dQ i?2 i2bi/ i X
rBi? KQ 2 +QKTH2t KQ/2H HiQ;2i?2 X AKTBRDEK2Mibii@Qm +2b 2 p BH #H2i? irC
i?72+1?Q/2 +QmTHBM; KQ/2H "2 HbQ TQPAB#HRMBMYM MB+m@i2° 2biBK i2b M/ KQiB
H -iQ#2 #H2iQ + Tim 2 bQK2 Q7 i?2 /BzRT 2N p 202/ R 20 BMbi M+2- BQM 2M2 ;v /
+2Mi° HHv@ M/ 2ti2"M HHv@KQmMMi2/ QWM RRXbm 2K2Mib K /2 pB “2i '/BM; TQi2M

h?2 i? " mbi2° KQ/2H +QmH/ HbQ #2 BKTMQ 221 QBBM 7 2+hBQM K2 bm 2KEMIiB Q#i BM
Bib ;°22K2Mi rBi? /i X *? ;2 2t+? M2 @@PHBQBOMIQPB/2 p Hm #H2 T?2vbB+ H E
MQi +m "2MiHv KQ/2H2/ #v > HHh? mbb2 XD Ht/ RDPQmriBEQM Q7 i?2 > HH i? mbi2°
?B;? T'BQ'Biv 7Q° 7mim 2 p2'bBQMb Q72iKNQ72-KBKR'&-2bQHp2// i 2K BMb M B
i72vTHV H ;2 QH2BM T 2bbm 2@X2HniM/2 +BBRBXx2722OEM +2- M/ 7mim 2 p2 bk
++m’ i2HVKQ/2HBM; BQM ++2H2  iBQMKIiVBZ22b2MMBR2M212v ii2KTiBM; iQ K i+?i?
PQHI ;2b M/ K ;M2iB+ }2H/ bi*2M;i?b rQugM @BM®p DBPR A b2° K2 bm 2K2Mib Q7 i?2

KQ'2 +QKTH2t MQK HQmb i® MbTQ i KQBBH BB i BtQ ME#BVI2 i BIQBWb+ 2 bBM;Hv BKTQ
Q  BKTHB+Bi /2T2M/2M+B2b QM i?2b2 Qi@m i8MQ #RM7BIKQMOX #Qmi2H2+i QM i N

h?2b2MbBiBpBiv M HvbBb BM a2+X AARAZ bBPND% iMi 222 Z @ AR - mT/ iBM; Qm ™ 7° K2r(

"2 b2MbBiBp2 iQ KQbi Q7 i? " mbi2° KQ/2T FXK2Zp2Mi-;2BQ7 i?2b2 /i rBHH "2[mB 2 +?
i?72K DQ ' 2t+2TiBQM Q7 i?2 M2mi  HBM RbiBIMARQI?K22+QKTQM2Mi KQ/2Hb M/ i?2
h?2 BMb2MbBiBpBiv Q7 i?2 KQ/2H iQ i?BbQ+2KRi2X BBVHBR- + “#QM/#2 HE @ib B m iH2
i?72 M22/ 7Q° KQ'2 +QKT 2?2MbBp2 M2W/i+ B +@QBRBZMHIQOmi b irQ T'2bbBM; 7 +B
h?Bb KQ/2H +QmH/ #2 M HViB+- bm+? Wb+ Q7@ B2IQMI 27" K2rQ F /Q2b MQi ii2KT
H3Q i F2i?27Q 'K Q7 +QK#BM2/ KQ/2HZ7 QFiP2Q HA2KRQ/mH “Biv M/ mb #BHBiv +
M/ p +mmK +2IK#EM+Q TQ" iBM; i?2b2KQ iZBRK@WF- BM+Q TQ" iBM; KQ/2Hb 7Q" i
TH2t KQ/2Hb "2[mB 2b Km+? H *;2° KOm@M®7 BT FX TIBQM#BiBp2HvV /B{+mHi- M.
#Qmi i?2 i? " mbi2° M/ i2bi 2MpB QMKZIMBQ? BMvrZGn7 @ m 2 rQ F X
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AM i?Bb rQ F-r2 /2p2HQT2/ M BKT Qp2/AM KB F ¥gM/Bt- r2 bmKK "Bx2 i?2 /i

' TB/ T°2/B+iBQM Q7 > HH i? " mbi2" T2 7QPKRBVM AXT ¢l @HHBI2b i? ir2 mb2/ Bl
THBM; + i?Q/2-i? ' mbi2 - M/ THmK2 KQ/ZHB rB/iB+iyZgpgQif @Q #Bi T2 7Q K M+2 Q7
BM72 2M+2-r2 + M + HB# i2 KQ/2H T ~ REHXAAA/X h@gBb /i rb Q B;BM HHv "2TQ i
T 2/B+i BKTQ i Mi [m MiBiB2b rBi? /2i 8HZXm MM 0QRKQrBM; i?2 M HvbBb Q7 "v
[m MiB}+ iBQMX g2 mb2/i?Bb KQ/2H iQCR/ NP2 mb 2P+ bmg2K2Mib QMHV 7 QK i?
i BMiv BM K Mv F2v T * K2i2'b M/ Q#i BM#2BNT @&p2R Qp2 jy ?Qm b BM bT +2-r7?
i BMBM; T2 '7Q K M+2 Qp2° Qm" T 2pB@MN; PO IExMqp?H KyMm7 +im"2"6b "2+ QKK2I
/2KQMbi® i2/ ;QQ/ ;2M2" HBx iBQM QmiBBZX H723732 RYjEpb K22iBM; i?Bb +'Bi2"B
2Hb6 i° BMBM; / i b2i M/ ii2KTi2/iQ 2thk 7QQKid§p2bb@ Ok M/ _hR-h9- M/ _h!
T2'7QK M+2 Q7 i? 'mbi2> QT2 iBM; &M i22b@qRiMN/G% 2TQ i BMh #X s i? mbi K2
Q #BiX 6m i?2 KQ 2 r2 2ti2M/2/i?2 KQ/2M2iQ:BBKmMRAbP i72b2 i? mbi2"bX q2 MQi2 i?
K ;M2iB+ HHv@b?B2H/2/i? mbi2  BM //Bi@rQM'?Qrib\Z'Vh%'h*@?RQg‘XZ/ BM 2Bi?2° +QM/BIE
h?2b2 BKT Qp2K2Mib r2°2 K /2 TQbbB#H2 /.%bﬁ& K%MP@ ;2 QM@Q #Bir b jRy o-
BM; BKT Qp2K2Mib- BM+Hm/BM; M2r 2ikTH IE2 MOQ®YBN H@Pmbmb 7 QK i?2 ;"QmM/i2
i MbTQ i KQ/2H- br2HH b +? M;2biQ Qm" " v2bB M HBF2@

HB?QQ/X ) o _ \ _
2bTBi2 bQK2 +2 HH2M:2b- BM+Hm/BM; ' HEYEBG 7 iBMi% KA 4B 12 KQ/2H "2bmHib
7Q i?2 >N M/ bK HH  M;2Q7 QT2 iBM; +QM/BiBQMb BM o _
i72i° BMBM; /i b2i-i?2 +m " 2Mi KQ/2H bAMppABRQTT 24M/Bt- r2 b?Qr b2H2+i2/ "2bmHi
'QQ/bi M/ HQM2 > HH i? mbi2" KQ/2H Yy H Hbi? iy ZmAPBM; M 6BMi2 K2/B i2 K
# b2HBM2 7Q ° 7mim 2 2ti2MbBQMbX "v BRIZ @MY BMRAmy I ZWBN/MB 2T Q22 T 2b2Mi2
mT;" /2/ KQ/2Hb br2HH b //BiBQM H BM b”?‘%ﬁj@b':-MqZ 2KTHQV i?2 BM72°2M+2
TH M iQ +QMiBMm2 BKT ' QpBM; i?2 7" K2RQG2F 821 2 BH B BM a2+X AA* #mi mb2
TQr2° M/ :2M2  HBivX 2i2 X iBQM bBKB iQQm T 2pBQmb rQ F
mb2 irQ@xQM2 "Q?K@HBF2 MQK HQmb i
7Qm @T " K2i2 T 2bbm 2 b?B7i KQ/2H- |
Q M2mi> HBM;2biBQM T * K2i2'bX h?Bb 2t:
iQ bb2bb ?2Qr Km+? Q7 i?2 BKT Qp2K2Mi Qg
Qmb rQ F bi2Kb 7 QK #2ii2 b KTHBM; p2 b
KQ/2HBM:X

6mM/BM; 7Q" i?Bb rQ'F r b T'QpB/2/ #Blbia BBWM6B;X RN r2 b?Qr i?2 /Bb+? ;2 -
T ii?2°Qm;? i?2 CQBMi /p M+2/ S QTmRLVBGM RMbiBAM#Y i?2 KQ/2H 7i2° + HB#
UC LlaVv- L a aT +2 h2+?MQHQ;v _2b2 "+RiAIRbIBINKR/2H Q7 i?2 T 2b2Mi rQ F- i?z
mM/2 ;> Mi MmK#2"  3yLaa*kRERRR3- b*tmHRBRMb @M iP2iT 2pBQmb KQ/2H HB2b #Qp
i2°’Qm;? L a aT +2 h2+?MQHQ;v :" /miiH pHm2+7Q" HH T 2bbm '2b M/ ? b M 2t ;
PTTQ imMBiv ;"> Mi3yLaa*kjERR3RX h?Bm 2b2T 2M/2M+2X h?2 i? " mbi HbQ 2t?B#Bi
/IBiBQM HHvV bmTTQ i2/ BM T i i?2 Qml:2blw 2@ 2BIQIRAI/ H2M/bX AM 6B;X ky-r2 b?(
"2bQm +2b T QpB/2/ #v /p M+2/ _2b2 PO REHMEBMIVIT Q}H2b Q7 i?2 T 2pBQmb K
i?2 IMBp2 bBiv Q7 JB+?B; MX Q7 # +F;"QmM/ T 2bbm 2X h?2 T 2bbm 2 b?~
BM QM T '2pBQmbrQ F+ Tim'2bi?2 mThbhi 2 |
Q7 i?2 ++2H2 iBQM "2;BQM r2HH #mi Bb Qp
"2[mB BM; 7Qm > T ~ K2i2 b BMbi2 / Q7 Dmb
T 2b2Mi rQ FX //BiBQM HHv-i?2 M2r MQK H
KQ/2H #2ii2  + Tim 2b i?2 b? T2 M/ bi22T]
BQM p2HQ+Biv T'Q}H2bX 6BM HHv- BM h #
h?2 +Q/2 mb2/ 7Q" i?Bb bim/v Bb QM2M@BRBNM+ 2 '/ K2i'B+b Q7 i?2 T 2pBQmb
p BH #H2iiTb,ff;Bi?m#X+QKfC Lla@ AMBPABPRIZF2b2Mi KQ/2HX g2 }M/ i? ii?2 T 2b
> HHh? mbi2 SXJXiB#mMBH/b QM i?2 QR2MEHBOMHPr2" K2 M M/ K2/B M 2°°Q b BN
JAa* KmHiB/Bb+BTHBM v KQ/2HBM; MBbkZrQ;F+mp BM@#v 7 +iQ° Q7 ey@NyWX
#H2 QMHBMEZb,ff;Bi?m#X+QKf2+F2HbDM/RBIGEX 2 TT QtBK i2Hv b ;QQ/ bi?Qb2
'BiX h?2 > HH i?"’mbi2° +QKTQM2Mi QM iP22 KRQ2tb-rQ F- Hi?Qm;? T 2/B+i KQ"
> HHh? mbBb XQDVMH: Bi>M#T b, ff;Bi?m#X+QRM/b BM /Bb+? “:2 +m " 2Mi M/ i? mbirBi? T
1J@S1SGf> HHh? mbiR WDRX;Bb2ib ;2M2 @#b2 p2/ BM i?2 /i X h?2b2 “2bmHib bm;
i2/ M/ M Hvx2//m BM; i?Bb bim/v "2 npTBH2#KB72®RK ~ K2i2'Bx iBQM TH v2/ H
i?72 +Q "2bTQM/BM; mi?Q QM "2 bQM #HQT pRMi{XQm" "2bmHib 7°QK Qm > T 2pBQn
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h"G1s,PT2 i BQM H M/ T2 7Q°K M+2 /i Q#i BM2/ QM i?2 ;"QmM/ M/ BM Q #Bi 7°
i ;72 02/ 7T°QK _27X jX J bb ~Qr " i2bU Vr2°2 MQi /B '2+iHv K2 bm 2/ M/ "2 BMb
bbmKBM; iQi Ht2MQM ~Qr ~ i2 Q7 8Xj K;fb M/ dW + i?Q/2 ~Qr 7  +iB

S 2bbm 2 (hQmy) (K;fb) Vo (0) o () T (KL) LQi2
2 10 ° 9XkN ivy 9X8 846 24 :"QmM/ i2bib
2 108 9XkN iRy 46 01 833 32 PM@Q #Bi K2 bm 2K2M,

2TQ 12/ mM+2 1 BMABEMM/ 2/ /2pB iBOMDBX

6A: X ky, AQM p2HQ+Biv T°'Q}H2b 7Q  i?2 aSh
# +F;"QmM/ T 2bbm™2b mbBM; i?2 KQ/2H C

TT2M/Bt *, SQbi2"BQ T * K2i2  /Bbi'B#miBQMb

AM i?Bb TT2M/Bt-r2 BM+HmM/2 THQib Q7 i’
K “:BM HTQbi2'BQ  /Bbi'B#miBQMb 7Q" 2 +
i2° Q#i BM2/ rBi? " v2bB M BM72 2M+2X .m
MmK#2 Q7 p "B #H2b-r2 ? p2 # QF2M i?2b2
+QKTQM2Mi 7Q" +H "BivX g2 THQi BM 6B ;b

i?72 + i?Q/2- THMK2- M/ i? ' mbi2" T * K2i2"
“2bT2+iBp2Hv- 7Q " i?2 aSh@Ryy QT2 iBM;
b K2/Bbi'B#miBQMb 7Q" i?2 >N QT2 iBM; (

BM 6B:bX k9- k8- M/ ke- "2bT2+iBp2HvX

q2 K F2 72r Q#b2 p iBQMb #2vQM/ i?Qb.
a2+X AAA X 6Q  #Qi?i? mbi2 b-i?2i° MbTQ"
6A:X RN, UV .Bb+? ;2 +m > "2Mi M/ U#dmi 2 Rbi2db i2batRi?M/ +Hmbi2 b ii?22 mTT
T'2bbm 2 7Q  i?2 aSh@Ryy mbBM; i?2 RY/ Q7 B7ib 2 M RyEkM/B+ iBM; i? i ?2B;?22 p F
:Bp2M #2ii2° "2bmHibX //BiBQM HHv-i?2 MC

b?B7i T K2idn +Q "2H i2hkBi?bBM+2 #Qi?
T K2i2'bb?B7i tB HHvi?2 MQK HQmb 2H;
7°2[m2M+vX +°Qbb HH +QKTQM2Mib- r2
MMBKQ/ HT * K2i2  /Bbi'B#miBQMb rBi? i?.
C 7Q i?2>NTHmMK2-r?B+?? birQT2 FbX h?B
+QMi'QHb i?2 T 2bbm 2 /2T2M/2M+2 QM i?2 /
1t KBMBM; 6B;X k8- Bi Bb MQi BKK2/B i2Hv
+? M;2biQ i?2BM72'2M+2 T°Q+2/m 2X b?2QmH/ #2 br2}ii?2i'2M/brBi? T 2bbm 21
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