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Abstract:

End—of—line solid state clipper diodes a~e
essential to high power poise modulators. These
diodes are chosen to reduce the potentially damaging
inverse network and switch voltages which occur when
the load is less than the network impedance; espe-
cially when non—constant loads are encountered. The
choice of the clipper diode stacks for a megawatt
(P54) average power pulser resulted fro m a study of
commercially available units. Destructive tests of
available units gave a figure of merit of 3U0:i for
the maximum singl, shot 10 microsecond J~ie)i~durrent
pulse to diode rated average current. A 150 ampere (A)
average currant diode was chosen for th. 20 ,000
A worst case expected in the MW pulser giving a
current safety factor of better than 2:1. For the
60 kilovolt (kV) pulser operation at a 1.5:1 voltage
safety factor required 60 of the 1.0 kV diodes in
series. A snubber capacitor and resistor across
each diode provided equal voltage division and
transient turn—on protection. Transient response of
the snubber protected diode stacks, was modeled at
low powers and later confirmed in actua l P W pulsar
operation.
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SOLID STATE LLIPPEI DIODES FOK HIGH POWEk MOLIULATOKS

By

Stephen Levy and John E. Creedon
Electronics Technology and Devices Laboratory

liSA Electronics R &D Command
For t Monmouth, Ne ‘ Jersey 07703

Summary

End—o f-line solid state clipper diodes are a. worst case fo rward  current
essential to high power palse modulators. These b. worst case inverse voltage
diodes are chosen to reduce the potentially damaging c. power dissipation
inverse network and switch voltages which occur when d. diode recovery
the load is less than the netwark impedance ; espe-
cially when non—constant loads are encountered. lhe Forward Current
choice of the clipper diode stacks for a megawatt
(‘~..J) average power pulser resulted from a study of It was deciaed that paral lel operation of diodes
commercially available units. Destructive tests of was inadvisable as the bal la st resistors needed to
available units gave a figure of merit of 300:1 for insure proper current sharing would be impractical at
the maximum single shot 10 microsecond (us) current the tens of k.A level. the alternative was to try to
pulse to diode rated average current . A 150 ampere (A) tind a single diode capable of handling the worst
ave rage cu rren t diode wa s chosen for the 20 ,000 case current. For a matched clip;ier diode the maxi—
A worst case expected in the MW pulser giving a must current would occur if both ti e  modulatcr load
current safety factor of hetter than 2:1. For the R and the cli pper load R were shorted . The currrent
40 kilovolt (kV) pulser operation at a 1.5:1 voltage w~uld be 

c

safety factor required 60 of the 1.0 kV diodes in
series. A snubber capacitor and resistor across
each diode ?rOvided equal voltage division and I 

~PY U)p —
transient turn—on protection . Transient response of [LoJ

the snubber protected diode stacks was modeled at
low powers and later confirmed in actual MW pulser where epy is torward anode voltage , and [Zol magni-

~per~ t ion. tude of PFN impedance.

For an epy of 40 k~ and a (LoJ of i ohm , the
peak cli pper current would be ~.(1 kA. Ignoring higher

High pei.er line—type modulators i .quire end—of— order current ret lections the di,de chosen must be

l i n e c l i ppers to protoCt circuit compr ents from capabl e of sustainini~ 40 kA f r  10 ~s pulse. Our

overvoltages due  t~ short circuits in the load. The diode selection began with destructively testing

major components sus~”pt ib le to damage are the Pulse diodes 1 different average current ratings to u nit

Formin,~ Netw, rk (PF~.) capacitors , m d the thyratron if this rating would relate to Its p eak current han—

switch . A substantial ans’unt of damage occurs at du ng capacity.

the anode when the thvratron is subje ted to inverse
voltage. One study 1 reported that the power dissi— ~~ t e l  consisted of pulsing individual off—the—

p.m ted on the t i~~..’ a’ode va r i e s  is t h e  squa re  of t h e  she lf  d iodes  at .i given c u r r e n t  m v , - l  w i t h  a lOu s
peak inverse voltage and that the anode “hole dr ill— pulse repeated every S seconds for 10 shots. After

in g ” o c c u r s  in the a p p r o x i m a t e l y  f i r s t  50 nano— *p  k i n g  the  diode t i e  c u r r e n t  was increased te i t s
seconds (ns ) of i n ver s e ,  nex t  leve l u s u a l l y  in 1 kA steps. The results are

shown in Figure 2. From the best-tit— line a diode

The large MW tui ,s with their lower gas pres- with an average current rating of greater than 75 A

sure and .‘ nir.ensur .itel y l onger fall of anode poten— w~ uId be requir ed to survive a 40 kA pulse .

tial . ire particularly susceptible t ’  inverse dissi— -
pinion. Voltage reversal can severely damage high
e n e r gy  d e n s i t y  pu l se  c i ; .. I tors. Li ft  expectancy
of a ca p a c i t o r  w i l l  d e c re a s e  by a tai t~~r of 2 ~ th  The n e x t  most imp r t a n t  f a c t o r  is the  max i m u p ,

only a 30 p e r c e n t  vo lt i c ,  r e v e r s a l .  It has been revc~~~ voltage (epx) the stack will sustain under

shown that in a th’ rat ron line—type modulator the the worst conditions , thi s is when the moitulator load

Inverse voltage will be as much as 1.5 t int’s the becomes short,.ci and t iii clipper load opens. ihis

initial PEN voltage in the worst case of .. shorted voltage , epx , has been shown to be as much as 1.5

load .2 i~ the other hand it is customary to design times epy. For a charging voltage of 4;) kV the

the modulator with a load impedance sli ghtly small- “diode ” would be capable ot sustaining a reverse volt—

er than the network impedance to produce a small age greater than 61) kV. Of course there is no ‘no
negative voltage on t i, thyratron . The approach is solid state diode capable of meeting this need there-

to app ly just enough i;ver sc to allow the thvratr ,n i r e  a series stark of diodes is required .

guffic innt time 1 recover and at the same time ,
prevent large inverse voltages from occurring. Idea lly , enough diodes can be connected in series

whe’re 60 diodes with I k~ hold off ceuld sustain a

The most effective protection technique Is the tO) kV voltage indefinitely, in practice the reverse

end of line (matched) cli pper. A schematic of the leakage I~~ and the junction capacitance Is ot in—

matched end of line clipper is shown it. Fi gure dividua l diodes dif~ or signi ficantl y . Roth l~ ane Cs
Ihe circuit consists of a diode stack and .1 resis- are t.rfler .tture and voltage dependent . Stacked

tive load where the resistive load is chosen equal diodes require both resistive and capacitance compen-

in magnitude to the network.lmpedance . The choice ~atI ’n to overcome individual variations . An equiva—

of the diode stick depends on the following factors : lent circuit E r  the series stack is ariown in Figure 3.
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in this f i gu r e  K is the equivalent forward res ist- case of the shortea load the average current , I
ance ot the diod~ , RR is the r,sistance equivalent is: 

avg

to the leakage resistance , Cs is the diode junction to (3
capacitance and CG is the di ide api-i tance to 1avg — Ip 

~ j-
ground . In our design the worst case diode leakage
(I 2(lO~C) was 15 milliamperes (mA) at I kV. A where

re~~1st r equivalent t 1/2 thIs value was selected
to parall e l each  diode, the worst case voltage to , pulse widtn is AO p5,

division would then divide as V 8~~i ) ~ ~ — 1130. Ip is tne peak current . 20 kA , and
Without resistive compensation he voltag~ would
divide as V 1 — 4n .~\’ and V 2 — 1538 v. I is the pu l se  per iod , 8 ms

the diodes are rated at 1000 volts (VI reverse 
1avg 

— i5 A and the  square of rms current ,

with a -ix ” . inst int,sneous peak reverse voltage of
1300 V. With resistive compensation the diode would I 1rms, is:
s~irvi ve, ,~~ , v - r , Lt would fail without it. I2rms 1p 2 ~~ 

( 4)

the diode junction capacitance and stray l’nns — 5 x lO~ A
2

capacitance affect the voltage division whenever
the voltage rises or falls. The junction capaci- Then tne forward power loss per diode is:
tance can change significantl y from diode to diode.
A recent article 3 stated f o r  one type of hig h power 

~twd 
— 0.825 x 25 + 5 x lO~ x 0.0005

rec tlu ie~ t h e  reverse reeovered charge rr stored in
the junction w h i l e  it p,isses f r y  forward I reverse or

bias , can vary he more than 300 percent. For diodes 
~fwd 

— 420 W in the case of a shorted load
w i t h  d i f f e r e n t  va lues  of r r  r i , ,  shunting capacitors
provide a current path t r  the stored l o i r g e  to  where the modulator will be operating tor i6 ma

dissip ate. Additionally, the ,xterna l shunt capaci- (2 pulses).

t i n e must be chosen i irc~~~e.; ugii to sw a mp  out all
val me s of no t i on  capac itan e. In t he  cisc of our According to the manufacturer this forward

clipp~ r stack the shunt capacitor was chosen to be power d i s s i p a t i o n  is equivalent to an average sinu—

100 t i m e s  t h e  typical device juncti on capacitance soidal forward current of 3140 A which is comparable

~o ,  n mea sur ed  m r iø V. to maximum power dissi~~it  i n  of 560 W. For s inu-
soidal operation t h e  peak powe r to average power

Power ‘i-ist p ati on - W o r s t  Case dissip ation is 3 .l4;~ therefore the maximum
(sinusoidal) peak powm r capacity of the modulator

The power dissipation of the individual st i ck  l i p ; , r  d iode  is

d iodes  i s  irlp rt.ict to the h r .  r~~i n a t  ion of the
c o o l i n g  r e q u i r e d .  The w r i t  c as e  p n i l o s o p hv wac SoO x 3.1. — 1/58 W

use d in d e s i g n i ng  t h e  s t . , ck  m o u n t i n g .
This  is a s i n u s o i d a l  e q u i v a l e n t  to the  i n d i v i d u a l

In t h e  ~-.k m o d u l a t o r  t h e  “w o r st  ca se conditions diode power d i ss i p it e d when conducting 20 kA for a

which would ~~f e t  the diode dissiprion are: 10 ;;s pulse operating at 125 hertz (Hz) rate f r
2 p u l s e s .

Shorted load . sv stet’ , shut—down
time is 16 m t U i s e  ~~~~~~~~~ 

To ve r i f y  if  ti.e chosen d iode  can h a n d i e  t h i s
peak power, this value of 1/58 must be compared
to th ~ peak power diode heat dissipation .

epx 41) kV PIV

ip 20,000 A The peak power in the diode produces a tran-
s i e n t  h e a t i n g  e f f e c t  w h i c h  i f  b ey o n d  t h e  capacity

- 10 ;s pu se width of t he  di ode to  absorh or conduc t  t h i s  heat  away .
w i l l  des t roy  the u n i t .  Again , t h e  m a n u f a c t u r e r

p r r  — I ’ S  p~,s provides curves of effective transfer thermal

4 impedance for various operating times. At an
The forward power loss per diode is . ambient of l6~C and for 16 ms duration the junction

t o  case t h e r m a l  impedance is 0.09 m a x I m u m . Then the
1m
fwd — Eo i + 12 rmsR (2) peak power that can he dissipated in t h e  diode isav

l i m i t e d  by the  maximum j u n c t i o n  t e m p e r a t u r e  i i  2u0 Cwhere
by the re .ationshi pb

P is forward power loss per diode
fwd 1’peak 

200 — Trarsient 
~5)

Ii and R are emperical eni t a nts 
r
lt)

r e ;  r e s e n t , m t  lye  of t h e  di de s i l o  t e d  ZOO — 16__________ —Peak — U . Ow
I i~ average  c u r r e n t  in  the  t m ’r w a r uav
d i r c c t i , n . and T h e r e t o r e , t he  diode a e . ; e m t e d  f i r  c l i ppe r , ‘ 1 i er a t i on

s,,-t s t he  m a n u f a c t u r e r  s power h a n d l i n g  r e q u i r e m e n t s .
I’raa i~ the rot-..~ean-square f o r w a r d

Pow e r D  sj~~~ion - Norma4 Oncia t  ion
c u r r e n t  I o r  ugh the  d io i i ,

The d iodes  o r d i n a r i l y can d i s s i p a t e  ‘.0 W each.
Tn. diode chosen for the M’W ns f,il ator was t h e  iN w ’t . The chosen diodes  are des igned to d i s s i p a t e  4U W
w h i b oil an 10~~1 .82) and p 

~ O ttoOts . F r  t h e is , ,nted in t h e  it ir k  ~. a i r .  The normal ; , r s t  in g

61
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c l i pper c u r r e n t  f o r  each MW m o d u l e  is 8 kA. Each su,, w t h e  interior. With the end in p lii . e , the 3
series stack of 60 d t i i l e s  will have an average c u r -  f . tn s  t i ’ r m , d  a p p r o x i m a t e l y  750 c u b i c  f e e t  per m i n u t e
rent of 5 A and an I2rms of 2 x 0’ A 2. Then t u e i f  15 °C air into t h e  box plenum. The air escaped
normal forward power per d i o d e  equals 20 W and the through 4 centimeter (cm) diameter t ies ad j , , er t to
sinusoidal equivalent peak forward power would be individual diodes. The air vel oc ity escaping all
close to 400 W. f i r  air c o o l i n g  1 the  diode s t a c k s  holes was greater than 200 linear teet per minute
where the ambient temperattire is 16°C, the diode which surpassed the manufa ,r , r ‘s recommended
manufacturer suggested 150 linear feet per minute limits. fhis design provided a o n-repetit i v e in—
through the stacks . The air t low requirement was verse voltage safety tact r of 2 . an operating volt—
f a c t o red in to  the modula tor  d e s i g n . ige; s a f e t y  f a c t o r  of 1.5 and a c u r r e n t  s a f e t y

a c tor  of -. . It was t )i iiglit th at if nm diode—
Diode Re overy resistor unit opened the other PFN unit could with-

stand ti le combined fault.
The r I- very of a forward—i • .ised to .. r ev , - r s,-

biased diode is ii ~— t l i  p rocess . When a diode A second design used two diode s t a ck s  l i n t  m t .
is suddenly r e v e r s ed  f r o m  the  f o r w a r d  di r i - c t  ion , t h e  .. s e c t i ons 1 10 diodes e a c h )  in series . The clipper
current will not ii~~i e d i a t e I v  d rop  t i  i t s steady.- load resist or consi sted if eig ht  Ca rborundu n  wa st l e r
st ate reverse—vol tage  va lue , l . . It i i  only  r ich  c e s i s t o r s  (0.25 ohms each), ty pe No. 916WSR25L ,
this value after the excess minority car~ ie rs i n -  s t a ked in a s 0r i e s p a r a l l c l  comoina t ion to g ive  0 .5
swept i t  of the in tion , or re , , m h i n e . ° Our i ng ohms. A view of tn i s  t~OL c l i pp er as somt i y is shown
this time the diode will conduct easil y w i t h ,  a in F i g u r e  1. This unit has a non— r -j e t i t i v e  voltage
va lue  de t e rmined  by the  ,-x t ,’rn., l c i r c u i t  impedan ce .  s a f e ty  f a c t o r  of 1 .3  and a c u r r e n t  s a , t v  f a c t . r of
On ce t h e  ,‘x ess c a r r i e r s  are sw ep t  h a c k  a c ro s s  the  2 .
j u o ct  i n , t h e  d iode  - o u t a g e  can b e g i n  t o r i ’s - e r , , - and
the diode current can drop. Ib is period of t i - s  i s  Pert -ri--ne . - of Cl ip~~ r U )  r i - i i f t ~
called the storage tin.,- t~~ . 

—

N - r r . i l  o p e r a t i o n 01 the ‘1W modulator it an epy
The second p a r t  i t  i i -  recovery pr i’ss is o 10 k\’ is shown in  F i g u r e  5 . The anode voltage

c a l l e d  t h e  t r a n s i t i o n  t i m e  t i . ,  and this int erv ,, l f i l l  and load current rise occur simutt .,n .- -u -.l v .
extends f r o m  the  end ‘f t i i ~ St rag, t ime t 5 • t i nt  il The ci i ;p er c u r r e n t  t r u e  was subjec t  to p i c k — u p
t he j u n c t i o n  c a p a c i t a n c e  has 1 ,-i-n cfi..rged to the during the main ilit rent pulse . I g n or i n g  t h e  t a l s e
r,versed— hias voltage, positive—going curr e nt sign al , the cl ipper curren t

is seen is a sini , ’s ; oscillations with .a period
Figu re 5 shows the voltage and or ient wave— eqtial to the Plo pulse width of 10 u.s and a max imum

forms i l l u s t r a t i n c  these p ints. It has been sho~~ pe.ik i t  500 A. lie anode wave~ rm sli;ges t.s t h a t  the
th at the st rigi - time nc r,’.,s,-s w i th, large r torward Inverse voltage never c x c  ds ,00 V . A theoretical
curr ent .. al so larger rev, ri, - it rent S redin , yen f t  it  ion of t h e  1 . 1 1 ,  r o s c i l lat i o n s  is t o u n d  in
s t o r a g e -  time . A r e l a t i o n s h i p  e-x l r , -ssing this is: Referen e I. lie question of what  happ.-,,s when the

c 1ip; ~ -r  load h- r t s  i s  shi i.t; in Fi r, 9. i r e is

— Ti ., l + 
i t ;  no n o t i c e - e t c  cha~ ye in  anode v i  tag~- s its. I orm.n A c t u a l l y  t h e  tube  c u r r e n t  s , e , - f .  re. l o o k s  impi Id.

The f i r s t  t h r e e  c l i ~~~e r c u r r e n t  p eaks inc . , .~i e i  w i t h
where  t is cal  led t h e  et f i c t i v e  l i t  et ime . t he s i i n j  peak m c  r i-~i s ln g  mo re tItan t i .  first.

Comp a r i n g  t i c  s econd  pe - l~ to  to , se nd clipper
The t r a n s i t  ion t i m e , t~ . is a t i i , ,  t ion .‘f t -ic cur r e n t  ; , . , k  in F) go,’- 8 shows a 2 . 5  t i m e s  i n c r e a s e

j u n c t i n c a p a c i t a n c e  C~ and w i l t  h. red iic,d by in- whi r) Ui,- clipper load is sy rted. Tb ,- w a v e f o r m s  of
r,-as ing  reverse b i ix  - A c c o r d i n g  to 5(a) t h e  F i g u r e  10 5,-re t a k e n  with - ‘ t b  t h e  m o d u ) . , t i r  load

estim.,te of t~~ is IR ICT . When t h e  ca p a c i t a n c e  and t h e  ci ippe ’ r l, ’ ,id shorted. In Figur .- 10 the
is smal l the  diode re very can be I s  ns r . u n ge . ano de vo l t age  s-.iv~- t cm sto ws an eve rse volt age ot

1.5 k%’ o c c u n i n g  lu es alt e r the tub ,- current pulse.
A negative mis—mat S w i l l  “so t r i p  d volt — I l i e  peak  clipper current is a WA I n a epy of lu k~

age r eversa l  on the  e n d — o f — l i n e  c l i p p e r  cilod , - Iii. poll tube current is kA. The tube fir  t h i s
s t o k .  I t  the  s t ack  load were t he shorted or w or s t  i .e does show some inverse c o n i i i c t i O n  at the
un .ferdesigned then the combination ‘1 ra id volt— peak i t  the- first cl~~-; i- r current os c iul ,i t ion.
age reversa l  and h ig h rever e i r r e n t s  can do..) r~~ Alter this point the tu be current . i l w a v ’ . stays in
the diode st a c k s . 9 the  i. -rw .,ri h direct ion and the clipper d i i l , S  Con—

tine t i pass high i nt,.;;.. in an attempt t i dix.. i—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ( i t  e thi n energy st e  r , - i i in  t h e  P l o .  cu r e  I I  shows
the diode cli pper stack vo l t . , ge  and current f i r  both

The c l i p p e r  des ign  chosen was based on a t h e  main toad and m l i ; ; e r  load s o r t e d .  This figure
W e s t i n g house diode s t a c k  c o n s i s t i n g  of 20 p a ch  ~howi a definite phase difference in the voltage and
IN4594 d i o d e s  w i t h  a 30K ohm , l O W  r,- -ii5t or and u . t t , n t  w , i v , h , i r n i s . From the 20 V t r a , , . t h e
a 0.1 m i c r o f a r a d  ( i i  F) , I WV dc c a p a c i t r i r a c r o s s  d i i,. v o l t a g e  i s  PV wh en  t h e  c u t r e n t  i ~er ,  and
each d iode , the  slope oh i l , r r e n t  is 2 . . x l0~~. W h e n  t h e  c u r re n t

is c,’r then  t h e  v e t .  age m u s t  he i n d u c t i v e . h u e

In the f i r s t  des i gn , t h e  c l i p p e r  diode estimated inductanc e is:
assembl y ,  F i g u r e  6 , c o n s l . t . ’ d of 3 s t a c k s  in
s e r i e s .  Ia, ii as sembly  had a ma’ ing ‘ne ohm 

~‘ — I - ~ (7)

clipper resistor In series . The one ,‘hm clipper
r e s i s t - n  had four C .irborundum type f u nd -e r  S i  

3
SI’I Rt,t .T resistors in a series paral tel combinat ton . L — ~~- 

X ,1Q 
~ 1.7 micr,’l,enries(pH )

o rig i n a l l y  each diod~—re al stor a~ qemhIv was designed 4. . x l0~
t i parallel each of flu. lw module PFN s . Ft g I n .
show s t h e  two aa semh l  I , - ;  f o r  a Mt~ medul.- ho,is.’,l in
a f i b e r  g i a s s - b a k e l u t . -  box .  The 00(1 is r,’moved t
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The individual diocie package is the 00.8  which has
a flexible stranded lead which is 0.6b0 cm in diam-
eter and 6.86 cm long. A solid copper wire with the
same number of circular mils has a diameter of 0.583
cm. The self—inductance of 60 aioae leads can be
calcula ted from 10

L — O.002L (In -~~~~~~ — 3/4 ]  (8)

where r—i ill,, ,,,

I — length of diode lead in cm , 
‘ L ~i 

‘

d — lead diameter in cm , and ‘

t l I ~a. I , i .d.  ~~~~~~~~~~~~~~ Sl, .~~ i i , ,  l . ~I i l l p p , ~~

L self-inductance of a diode in e)

L — 0.O0.~ x 6.86 (In 
4 x 6.86 

— 3/4]

I. — U .0~i2 .11 per diode ; then 60 diodes would have ~. ~~~~~~~~~
a self—inductance of 2.55 pH. This is fairly good ‘~i O; C

agreement with the observed inductance . .4u l ,~ .~ ‘ ‘

_to J ‘l.. , ,,n..,.- ,o ii-.,

Last lo compare a gas tube clipper , two 7890s -
,

in parallel , to the diode stack In Figure 12. The ~
hydrogen t i l l e d  triodes have inherentl y low induct— ~4, ~ance and could be thought to represent an ideal /
diode stack. The forward voltage drop of the gas ~
tubes is only 1 kV peak while the diode stack has
a lOh )u ’ V f o r w a r d  drop.  For an epy of 10 kV w i t h  a ‘ ‘“  ‘ 

~~~~~~~~~~~~~~~ 
~~~~~~~~~~~ ~~~~~~~

shorted modulator load the gas clippers pass 10 kA ,,
peak which is what would be expected from a 0.5 ohm .ri..’
netwo rk and a cli pper load of 0 .5  ohm, Ihe diode
stack on t h e  hand passes on ly  6 kA under the same
condi t ions .  The e f f i c i e n c y  of the solid state
diode stack can be improved.
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F luu re 9. Modulator Operation wit!, EOL
Cll pp~ r Load Shorted (R L O.5f1)

— ~~~~~~~~~~~~~ Figure 10. Modulator Operation with EOL

Figure ‘ . Or ,. . r n i l  ~~ , is i t t  M d i i i  e ~~~~~ 

CH pp,-r Load and i’FN Load Sl u  ‘r t ,-ub

C li i i . r Dr ‘ t., ;  k-i and Hi ’,i” ui,g

Figure’ 11 . Si’ lid St u t  i Diode Cl i t i l i e r  Assetnhl v Vi ’ I t ap e
and Corren t W . i v i  I ‘rh o’— at Va r i.’us F.pv

t ’°N Loa d and C l i p p e r

I - Load are shorted
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l igure Li. Comparison of Gas Tube Cl ipp er an d a Sol idState Diode Stack at an Epy — 10 kV with
the PEN Load Shorted.

(a) /?j1.~~*,, 7~ oá ~~~~~ 7~o._ 7890

V,~ e4v V

b
~4cur 

‘

~~ ~

‘ 

~~~~ ~~~

10

- (h )  Ci,,.’,... ~~~~~~~~~~~~ West inghouse  Stack
/0 Ass ’y 6I I I 9BI IZ Z Q4 I_ ,sjiv ie’I,V ~~~~~~~

~ ‘r ~~
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