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A b st r a ct — A  n o v el  d o u b l e n o n p a r all el st a g g e r e d  g r at-
i n g ( D N P S G) sl o w  w a v e st r u ct u r e ( S W S) i s  p r o p o s e d
t o e n h a n c e t h e c o u pli n g i m p e d a n c e i n a W - b a n d  b a c k-
w a r d  w a v e  o s cill at o r ( B W O)  d ri v e n  b y a  p s e u d o s p a r k-
s o u r c e d s h e et el e ct r o n  b e a m.  T h e  D N P S G  S W S  h a s  b e e n
s h o w n a  b r o a d b a n d  of 7 2 – 1 2 5  G H z a n d a  hi g h e r c o u pli n g
i m p e d a n c e c o m p a r e d  wit h t h e t r a diti o n al  d o u bl e st a g g e r e d
g r ati n g ( D S G)  S W S i n si m ul ati o n.  T h e  D N P S G  B W O st r u c-
t u r e c o n si sti n g  of t e n  S W S  u nit s a n d a  b r o a d b a n d  o ut p ut
st r u ct u r e i s  d e si g n e d a n d f a b ri c at e d. I n t h e c ol d t e st  of t h e
D N P S G  B W O, t h e  m e a s u r e d S 1 1 ( d o u bl e  of t h e lo s s e s i n t h e
D N P S G  B W O) i s a b o v e − 1 0  d B i n  m o st  of t h e  b a n d,  w hi c h i s
s ati sf a ct o r y i n t h e  p s e u d o s p a r k- d ri v e n  hi g h- p o w e r  d e vi c e.
T h e  h ot-t e st  p e rf o r m a n c e  of t h e  D N P S G  B W O i s a n al y z e d  b y
p a rti cl e-i n- c ell ( PI C) si m ul ati o n i n a  b e a m v olt a g e r a n g e  of
1 4 – 9 0 k V a n d a c u rr e nt  d e n sit y r a n g e  of 1. 5 – 5 × 1 0 7 A/ m 2 ,
o bt ai ni n g a  hi g h  o ut p ut p o w e r ( m a x. 1 9 0 k W)  o v e r a n  ult r a-
wi d e t u ni n g  b a n d  of 3 8  G H z ( 7 5 – 1 1 3  G H z)  d u e t o e n h a n c e d
c o u pli n g i m p e d a n c e.

I n d e x  T e rm s — B a c k w a rd  w a v e  o s cill at o r ( B W O),  d o u bl e
n o n p a r all el st a g g e r e d  g r ati n g ( D N P S G),  milli m et e r ( m m)
w a v e,  p s e u d o s p a r k, sl o w  w a v e st r u ct u r e ( S W S).

I. IN T R O D U C T IO N

D E S PI T E t h e d e v el o p m e nt of s o li d- st at e el e ctr o n d e vi c es
o v er t h e y e ar s, t h e v a c u u m el e ctr o n d e vi c e s ( V E D s), s u c h

as t h e tr a v eli n g  w a v e t u b e ( T W T), b a c k w ar d  w a v e o s cill at or
( B W O), e xt e n d e d i nt er a cti o n kl y str o n o s cill at or ( EI K O), a n d
m a g n etr o n, still pl a y a n i m p ort a nt r ol e o n b ot h c o m m er ci al
a n d  milit ar y pl atf or m s d u e t o t h eir hi g h o ut p ut p o w er,  w hil e
s oli d- st at e s o ur c es ar e li mit e d b y t h eir r el ati v el y l o w p o w er i n

Ji n  Z h a n g,  Ya sir Alf a d hl, a n d  Xi a o d o n g  C h e n ar e  wit h t h e  S c h o ol of
El e ctr o ni c  E n gi n e eri n g a n d  C o m p ut er  S ci e n c e,  Q u e e n  M arr y  U ni v er sit y
of L o n d o n, L o n d o n  E 1 4 N S,  U. K. ( e- m ail: xi a o d o n g. c h e n @ q m ul. a c. u k).

Li a n g  Z h a n g a n d  A dri a n  W.  Cr o s s ar e  wit h t h e  D e p art m e nt of
P h y si c s,  U ni v er sit y of  Str at h cl y d e,  Gl a s g o w  G 4 0 N G,  U. K. ( e- m ail:
a. w. cr o s s @ str at h. a c. u k).

Fi g. 1. M o d el of  D N P S G  S W S.

milli m et er ( m m)- w a v e a n d t er a h ert z ( T H z) fr e q u e n c y b a n d s
[ 1].  A m o n g t h e  V E D  m m- w a v e a n d  T H z s o ur c e s, t h e  B W O
st a n d s o ut o wi n g t o its i ntri n si c  wi d e fr e q u e n c y t u ni n g b a n d
[ 2], [ 3].  T h e sl o w  w a v e str u ct ur e ( S W S),  w hi c h e n a bl e s t h e
i nt er a cti o n b et w e e n t h e el e ctr o n b e a m a n d t h e el e ctr o m a g n eti c
w a v e, is a c or e p art of t h e  B W O.  T h e tr a diti o n al h eli x S W S

i n t h e  mi cr o w a v e b a n d is li mit e d b y its p o w er c a p a bilit y a n d
c o m pli c at e d f a bri c ati o n at t h e hi g h fr e q u e n ci es.  T h e d o u bl e
st a g g er e d gr ati n g ( D S G) h a s b e e n u s e d d u e t o its hi g h c o u pli n g
i m p e d a n c e a n d g o o d  m a c hi n a bilit y [ 4] –[ 6], e. g., r e c e ntl y,
a  D S G S W S h a s b e e n i n v esti g at e d t o  w or k i n 9 0 – 1 0 0  G H z [ 7].
Hi g h- p o w er  B W O  wit h gr e at er t u ni n g b a n d wi dt h is attr a cti v e
f or a p pli c ati o n s, s u c h as f u si o n pl as m a a p pli c ati o n s [ 8], [ 9],
el e ctr o n s pi n r e s o n a n c e ( E S R), a n d n u cl e ar  m a g n eti c r e s o-
n a n c e ( N M R) [ 1 0].

T o f urt h er e xt e n d t h e t u n a bilit y of t h e  B W O,  w e pr o p o s e
a n o v el d o u bl e n o n p ar all el st a g g er e d gr ati n g ( D N P S G) S W S
o n t h e b e n c h m ar k of  D S G S W S,  wit h t h e a d v a nt a g e of
e n h a n c e d c o u pli n g i m p e d a n c e.  Usi n g t h e pr o p o s e d  D N P S G
S W S,  w e h a v e d e si g n e d a n d f a bri c at e d a W - b a n d  B W O dri v e n
b y a p s e d u d o s p ar k- s o ur c e d hi g h- c urr e nt s h e et b e a m t o a c hi e v e
t h e b e n e fits of br o a d b a n d, hi g h p o w er, c o m p a ct n e ss, a n d l o w
c o st.

II.  DE SI G N O F D N P S G  S W S

As s h o w n i n Fi g. 1 , t h e pr o p o s e d  D N P S G S W S c o n sists of
t w o r o ws of gr ati n g s o p p o sit e t o e a c h ot h er i n a st a g g er e d
p att er n, b ut it diff er s  wit h t h e c o n v e nti o n al  D S G S W S i n
t h at t h e t o p a n d b ott o m gr ati n g r o ws ar e n ot p ar all el, i. e.,
t h e t o p gr ati n g s ar e tilt e d b y a n a n gl e α .  B y o pti mi zi n g t h e
tilti n g a n gl e α , it c a n d e m o n str at e hi g h er c o u pli n g i m p e d a n c e
t h a n t h e  D S G S W S i n t h e  w or ki n g b a n d, t h u s e n h a n ci n g t h e
b e a m – w a v e i nt er a cti o n.  T h e  m o d el of a  D N P S G S W S u nit is
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T A B L E I
D I M E N SI O N A L P A R A M E T E R S  O F D N P S G  S W S

Fi g. 2. S im ul ati o n r e s ult s of hi g h-fr e q u e n c y c h ar a ct eri sti c s of n o v el
D N P S G a n d c o n v e nti o n al  D S G  S W S s. ( a) Di s p er si o n. ( b) C o u pli n g
i m p e d a n c e.

b u ilt i n C S T Mi cr o w a v e St u di o, i n  w hi c h t h e gr ati n g  m at eri al
is o x y g e n-fr e e hi g h- c o n d u cti vit y ( O F H C) c o p p er  m o d el e d
wit h a c o n d u cti vit y of 1. 1 7 × 1 0 7 S /m [ 1 1]. T h e p ar a m et er s
of t h e str u ct ur e ar e o pti mi z e d t hr o u g h si m ul ati o n t o e n a bl e
o p er ati o n i n t h e e ntir e W - b a n d, a n d t h e o pti mi z e d p ar a m et er s
ar e s h o w n i n Ta bl e I , a m o n g  w hi c h t h e tilti n g a n gl e is 6◦ . T h e
tilti n g an gl e is als o o bt ai n e d b y o pti mi z ati o n, a n d its t ar g et is
t o fi n d t h e a n gl e  w h er e t h e c o u pli n g i m p e d a n c e is  m a xi m u m
w hil e a dj u sti n g t h e tilti n g a n gl e i n t h e r a n g e 0 ◦ – 9 0 ◦ .

Si m ul ati o n res ults of t h e  D N P S G S W S ar e s h o w n i n Fi g. 2 ,
i n c o ntr ast  wit h t h e c o n v e nti o n al  D S G S W S  wit h t h e s a m e
p ar a m et er s (t h e r e s ults of t h e c o n v e nti o n al  D S G S W S h a v e
b e e n pr e s e nt e d i n a pr e vi o u s c o nf er e n c e [ 1 2]). Fi g. 2( a) s h o ws
t h e dis p er si o n c ur v es of  m o d e s 1 – 3 i n t h e  D N P S G a n d  D S G
S W Ss, as  w ell as t h e b e a mli n e s of 1 4, 5 0, a n d 9 0 k V.  T h er e
is o nl y a n e gli gi bl e diff er e n c e i n t h e dis p er si o n c ur v es (< 1 %)
b et w e e n t h e  D N P S G a n d  D S G S W Ss, as t h e tilti n g a n gl e i n
t h e  D N P S G S W S ( 6◦ ) is n ot gr e at a n d o nl y o n e si d e of t h e
gr ati n g s is tilt e d.  B a c k w ar d  w a v e o s cill ati o n t y pi c all y o c c ur s
o n t h e ri g ht si d e of t h e c ur v es of  m o d e 1 ( gr a y s h a d e d ar e a),
w h er e t h e b e a mli n es i nt er s e ct  wit h t h e  m o d e li n es, s h o wi n g a

wi d e t u ni n g b a n d fr o m 7 2 t o 1 2 5  G H z ( 5 3  G H z).  T h e ri g ht-
h a n d si d e of  m o d e 3 i n t h e S W Ss is als o b a c k w ar d  w a v e,
a n d t h e i nt er a cti o n  wit h t h e el e ctr o n b e a m c o ul d als o r es ult
i n b a c k w ar d  w a v e o s cill ati o n a n d bri n g  m o d e c o m p etiti o n,
w hi c h  w o ul d b e a n al y z e d i n d et ail i n S e cti o n III.  T h e g a p s
b et w e e n  m o d e s 1 a n d 2 i n t h e  D N P S G a n d  D S G S W S ar e 0. 1 1
a n d 0. 0 3  G H z at π p oi nt, r es p e cti v el y,  w hi c h ar e r el ati v el y
s m all, a n d it c a n b e c o n si d er e d t h at t h e t w o  m o d e s ( 1 a n d 2)
c o al es c e at π p oi nt [ 1 3], [ 1 4].  H o w e v er, it is n ot p o ssi bl e t o g et
a n el e ctr o n b e a m b e y o n d 9 0 k e V i n o ur c urr e nt p s e u d o s p ar k
s et u p, a s s h o w n b y gr e e n d a s h e d- d ott e d li n e i n Fi g. 2( a) , a n d
t h e o p er ati o n u si n g  m o d e 2 is n ot c o n si d er e d i n t his arti cl e.

T h e c o u pli n g i m p e d a n c e of  m o d e 1 ( b a c k w ar d  w a v e r e gi o n)
i n t h e  D N P S G/ D S G S W Ss is als o o bt ai n e d t hr o u g h si m ul ati o n
i n  C S T  Mi cr o w a v e St u di o, a s s h o w n i n Fi g. 2( b) , a n d t h e
v al u es ar e c al c ul at e d o n t h e a xis of t h e S W S.  T h e c o u pli n g
i m p e d a n c e of t h e  D N P S G S W S v ari es b et w e e n 2 a n d 1 0 i n
W - b a n d ( 7 5 – 1 1 0  G H z) a n d gr o ws gr e at er b e y o n d 1 1 0  G H z.
T h e c o m p aris o n s h o ws t h at t h e  m a g nit u d e of t h e c o u pli n g
i m p e d a n c e i n t h e  D N P S G S W S is 2. 3 % – 5 5. 3 % gr e at er t h a n
t h at i n t h e  D S G S W S, i m pl yi n g e n h a n c e d b e a m – w a v e i nt er-
a cti o n c a p a bilit y of t h e  D N P S G S W S.  T h e i m pr o v e m e nt i n
c o u pli n g i m p e d a n c e is si g ni fi c a nt ( 1 1. 2 % – 5 5. 3 %) i n t h e b a n d
7 8 – 1 0 8  G H z,  w h er e t h e gr e at e st i m pr o v e m e nt ( 5 5. 3 %) o c c ur s
at 8 9. 1  G H z, as s h o w n i n t h e e nl ar g e d vi e w o n t h e t o p ri g ht
of Fi g. 2 . F or t h e r e st of t h e t u ni n g b a n d, t h e i m pr o v e m e nt is
l ess si g ni fi c a nt ( 2. 3 % – 1 1. 2 %).  T h e p h y si cs b e hi n d t h e i n cr e a s e
of t h e c o u pli n g i m p e d a n c e is as f oll o ws. I n t h e  D S G S W S,
t h e l o n git u di n al el e ctri c fi el d i n t h e b e a m t u n n el is  m ai nl y
c o n c e ntr at e d n e ar t h e gr ati n g t o p s [ 1 5]; a si mil ar distri b uti o n
is als o f o u n d i n t h e  D N P S G S W S.  H o w e v er, d u e t o t h e tilti n g
a n gl e of t h e gr ati n g s i n t h e  D N P S G S W S, t h e gr ati n g t o p h a s
gr e at er l o n git u di n al s p a n,  m e a ni n g t h at t h e ar e a of el e ctri c
fi el d c o n c e ntr ati o n h as gr e at er l o n git u di n al dist a n c e,  w hi c h
r e s ults i n l o n g er i nt er a cti o n dist a n c e f or t h e el e ctr o n b e a m
i n a n S W S u nit.  T h e e n h a n c e d c o u pli n g i m p e d a n c e h a s b e e n
v eri fi e d b y a si mil ar  w or k of a n o v el c h e vr o n- s h a p e d  D S G
w a v e g ui d e S W S f or  T H z  T W T s [ 1 6], b ut o ur d e si g n h a s t h e
a d v a nt a g e of e as y f a bri c ati o n d u e t o t h e str ai g ht-li n e s h a p e
of b ot h t h e t o p tilt e d a n d b ott o m n or m al gr ati n g s,  w hil e t h e
c h e vr o n s h a p e  w o ul d h a v e a d diti o n al f a bri c ati o n c h all e n g e s.
S o, a pr ot ot y p e of o ur d e si g n h a s b e e n f a bri c at e d a n d  will b e
a n al y z e d i n l at er c h a pt er s.  A d diti o n all y,  w e h a v e c o n si d er e d
tilti n g o n b ot h gr ati n g r o ws, b ut t h e tilti n g of o n e gr ati n g r o w
d e m o n str at es b ett er p erf or m a n c e.  Als o, tilti n g o n eit h er t o p
gr ati n g s or b ott o m gr ati n g s  m a k es n o diff er e n c e d u e t o t h e
s y m m etr y of t h e str u ct ur e.

III.  AN A L Y SI S O N B W O  P E R F O R M A N C E

A. C ol d- T e s t A n al y si s

Usi n g t h e o pti mi z e d S W S,  w e h a v e d e si g n e d t h e f ull
str u ct ur e of t h e  D N P S G  B W O, a s s h o w n i n Fi g. 3 . T h er e
ar e t e n S W S u nits, f oll o w e d b y t h e o ut p ut str u ct ur e i n cl u d-
i n g a t a p er e d  D N P S G, t w o b e nt r e ct a n g ul ar  w a v e g ui d e s,
a str ai g ht r e ct a n g ul ar  w a v e g ui d e, a n d a n e x p a n di n g r e ct a n g ul ar
w a v e g ui d e tr a n siti o ni n g i nt o t h e o ut p ut p ort ( p ort 1,  W R 1 0
p ort), g ui di n g t h e si g n al o ut  wit h  mi ni m al r e fl e cti o n i n a  wi d e

D e si g n, si m ul ati o n, a n d c ol d t e st of a W- b a n d d o u bl e n o n p ar all el st a g g er e d gr ati n g b a c k w ar d w a v e o s cill at or



Fi g. 3. M o d el of  D N P S G  B W O i n  C S T.

Fi g. 4. C ol d-t e st e x p eri m e nt of  D N P S G  B W O. ( a) F a bri c at e d p art s
of  D N P S G  B W O. ( b) A s s e m bl e d  D N P S G  B W O. ( c) Si m ul at e d a n d
m e a s ur e d S 1 1 of  D N P S G  B W O a n d si m ul at e d S 1 1 of  D S G B W O.

fr e q u e n c y b a n d. T h e t a p er e d  D N P S G (f o ur u nits) b et w e e n t h e
n or m al  D N P S G S W S a n d t h e b e nt  w a v e g ui d e h a s li n e arl y
d e cr e asi n g gr ati n g h ei g hts fr o m its ri g ht e n d t o its l eft e n d,
u si n g t h e s a m e t e c h ni q u e a s i n o ur pr e vi o u s  w or k [ 1 5].  T h e
d e si g n is f or pr o of- of- c o n c e pt e x p eri m e nt a n d  will r u n i n b ur st
p uls e d  m o d e, a n d t h e p s e u d o s p ar k el e ctr o n b e a m als o h a s s h ort
p uls e d ur ati o n; t h er ef or e, t h e c urr e nt d e si g n  wit h o ut a c oll e ct or
w or k s.  Als o, t h e  w a v e  will b e c ut off b y t h e b e a m t u n n el;
t h er ef or e, t h e s h ort e n d  will n ot c a u s e a d diti o n al r e fl e cti o n t o
t h e cir c uit.  T h e c oll e ct or a n d o ut p ut  wi n d o w  will b e c o n si d er e d
i n t h e u p gr a d e d v er si o n a n d all o w t h e  B W O t o o p er at e i n t h e
r e p etiti o n  m o d e.

T h e  D N P S G  B W O is f a bri c at e d, a n d its c ol d t est h as b e e n
c o n d u ct e d, a s s h o w n i n Fi g. 4 . Pr e ci si o n c o m p ut er n u m eri c al
c o ntr ol ( C N C)  m a c hi ni n g  wit h f a bri c ati o n err or l ess t h a n 5 µ m
is utili z e d t o f a bri c at e t h e  B W O p arts, as s h o w n i n Fi g. 4( a) ,

Fi g. 5. M ulti g a p p s e u d o s p ar k di s c h ar g e s et u p.

i n clu di n g t h e u p p er gr ati n g s  wit h 6 ◦ tilti n g an gl e a n d t h e l o w er
gr ati n g  wit h o ut tilti n g.  T h e di m e nsi o ns of t h e  D N P S G S W S
ar e t h e s a m e  wit h t h e si m ul ati o n  m o d el, i. e., t h e s a m e  wit h
Ta bl e I . Fi g. 4( b) s h o ws t h e ass e m bl e d  D N P S G  B W O  wit h a
c o m p a ct si z e of 2 8 × 1 6 × 1 7  m m 3 .  T he D N P S G  B W O is a n
o s cill at or  wit h j u st o n e p ort, s o o nl y S 1 1 c a n b e  m e a s ur e d i n t h e
c ol d t est  wit h a v e ct or n et w or k a n al y z er ( V N A).  T o r ul e o ut
t h e i n fl u e n c e of t h e c o u pl er of t h e  V N A  w h e n  m e a s uri n g S 1 1 ,
m e a s ur e m e nts ar e c o n d u ct e d  wit h a n d  wit h o ut a s h ort- cir c uit
m et al bl o c k er i n s ert e d b et w e e n t h e c o u pl er a n d t h e  D N P S G
B W O f or b y p a ssi n g, a n d  w e u s e t h e diff er e n c e b et w e e n t h e
t w o  m e a s ur e m e nts ( wit h a n d  wit h o ut a s h ort- cir c uit  m et al
bl o c k er) as a n i d e al S 1 1 , i. e., e x cl u di n g p ort  mis m at c h, o nl y
i n cl u di n g d o u bl e of t h e l o ss es of t h e  B W O str u ct ur e.  T h e
r es ults i n Fi g. 4( c) s h o w t h at i n  m o st of t h e W - b a n d, t h e
m e a s ur e d S 1 1 is a b o v e − 1 0 d B e x c e pt a f e w p oi nts, a n d
it a gr e es  wit h si m ul ati o n r es ults, s h o wi n g t h at t h e l o ss of
t h e c a vit y of t h e  D N P S G  B W O is a c c e pt a bl e, c o n si d eri n g
t h e e n or m o u s p o w er g e n er at e d a s s h o w n i n S e cti o n III- B.
T h e r e s o n a n c e p e a k s ar e  m ai nl y c a u s e d b y t h e l o n g o ut p ut
w a v e g ui d e, a n d t h e  m ai n diff er e n c e b et w e e n t h e si m ul ati o n
a n d  m e a s ur e m e nt is t h e s hift i n t h e fr e q u e n c y, d u e t o t h e
s a m e r e a s o n c a u s e d b y t h e l o n g o ut p ut  w a v e g ui d e. Fi g. 4( c)
al s o s h o ws t h e c o m p ari s o n of S 1 1 b et w e e n t he  D N P S G  B W O
a n d t h e  D S G  B W O, a n d t h e diff er e n c e is n e gli gi bl e.  T his is
b e c a u s e t h e tilti n g a n gl e is o nl y 6 ◦ ,  w hic h is ti n y.

B.  Wi d e b a n d H ot- T e st  Si m ul ati o n

We u s e p s e u d o s p ar k pl a s m a c at h o d e a s t h e g e n er at or of
a hi g h- c urr e nt el e ctr o n b e a m t o dri v e t h e  D N P S G  B W O,
as s h o w n i n Fi g. 5 .  W h e n a hi g h- v olt a g e p uls e is a p pli e d t o t h e
h oll o w c at h o d e (t h e c a vit y o n t h e l eft e n d of Fi g. 5 ) fill e d  wit h
5 0 – 5 0 0- mt orr  Ar g o n g a s, t h e p s e u d o s p ar k dis c h ar g e o c c ur s,
r el e a si n g a h u g e n u m b er of el e ctr o n s [ 1 7], [ 1 8].  We u s e a
c olli m at or  wit h a r e ct a n g ul ar a p ert ur e att a c h e d t o t h e a n o d e t o
e xtr a ct t h e s h e et b e a m, a n d a n el e ctr o n b e a m  wit h t h e c urr e nt
d e n sit y u p t o 1 0 8 A/ m 2 wil l tr a n s mit t hr o u g h t h e a n o d e h ol e,
w hi c h is si mil ar t o o ur pr e vi o u s  w or k [ 1 8].  T h e el e ctr o n b e a m
is s elf-f o c u si n g d u e t o i o n c h a n n el eff e ct  w h e n it tr a v els i n
t h e b e a m t u n n el,  w hi c h  m a k e s t h e  m a g n eti c f o c u si n g s y st e m
u n n e c e ss ar y a n d  mi ni mi z e t h e d e vi c e si z e [ 1 7], [ 1 8].  O ur
gr o u p h a s u s e d t h e p s e u d o s p ar k pl a s m a c at h o d e i n t h e d e v el o p-
m e nt of l o w- c o st, c o m p a ct, a n d hi g h- p o w er  m m- w a v e a n d  T H z
V E Ds, i n cl u di n g a K a - b a n d  C h er e n k o v  m a s er [ 1 9], W /G - b a n d
e xt e n d e d i nt er a cti o n o s cill at or s ( EI Os) [ 9], [ 2 0], a n d a G - b a n d
B W O [ 1 8].  We c o n d u ct t h e h ot-t e st a n al y sis of  D N P S G  B W O
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Fi g. 6. S h e et b e a m i n t h e h ot-t e st si m ul ati o n.

wit h p a rti cl e-i n- c ell ( PI C) si m ul ati o n i n  C S T P arti cl e St u di o,
a n d t h e s h e et b e a m i n t h e i nt er a cti o n s p a c e is s h o w n i n Fi g. 6 ,
i n  w hi c h t h e b e a m b u n c hi n g d u e t o b e a m – w a v e i nt er a cti o n is
cl e arl y s h o w n b y t h e c ol or v ar i ati o n.  T h e s h e et b e a m  will b e
c o n fi n e d b y t h e i o n c h a n n el eff e ct i n t h e f ut ur e e x p eri m e nt,
b ut c urr e ntl y,  w e u s e a u nif or m 2- T l o n git u di n al  m a g n eti c
fi el d t o c o n fi n e t h e hi g h- c urr e nt b e a m i n t h e si m ul ati o n d u e
t o t h e dif fi c ult y of si m ult a n e o u s si m ul ati o n of i o n c h a n n el
f o c u si n g i n pl a s m a a n d b e a m – w a v e i nt er a cti o n i n  C S T.  T h e
b e a m v olt a g e of 1 4 – 9 0 k V is u s e d i n t h e si m ul ati o n t o a n al y z e
t h e  wi d e b a n d p erf or m a n c e, a nd  w e a dj u st t h e c urr e nt d e n sit y
i n t h e r a n g e of 1. 5 – 5 × 1 0 7 A/ m 2 ( b e a m c urr e nt: 1 2. 9 – 4 2. 9 A)
t o t a k e i nt o a c c o u nt t h e c urr e nt v ari ati o n o v er t h e d ur ati o n
of t h e b e a m p uls e [ 1 8].  A si mil ar v ari ati o n of t h e b e a m
v olt a g e a n d c urr e nt o v er ti m e c a n b e f o u n d i n o ur pr e vi o u s
w or k [ 1 8].  T h e si m ul ati o n at c o n st a nt v olt a g e/ c urr e nt all o ws
k n o wi n g t h e p erf or m a n c e at t h e i nt er a cti o n p oi nts,  w hil e i n t h e
e x p eri m e nt, a s w e pt fr e q u e n c y is e x p e ct e d a n d t h e  D N P S G
B W O  will s h o w br o a d b a n d r a di ati o n, c o n si d eri n g t h at t h e
o p er ati n g b e a m v olt a g e a n d c urr e nt ar e n ot c o n st a nt i n t h e
p s e u d o s p ar k dis c h ar g e.  T h e tr a n s v er s e si z e of t h e b e a m is
2. 0 5 2 × 0. 4 1 8  m m 2 ,  w hic h is t h e s a m e  wit h t h e b e a m t u n n el,
b ut t h e t h er m al eff e ct of el e ctr o n c olli si o n o n t h e b e a m t u n n el
w all is n e gli gi bl e c o n si d eri n g t h at t h e p s e u d o s p ar k- s o ur c e d
B W O  w or k s i n p uls e d  m o d e  wit h l o w r e p etiti o n r at e ( a f e w
t h o u s a n d  H ert z) [ 1 5], [ 1 8].

Aft er t h e PI C si m ul ati o n,  w e o bt ai n t h e o s cill ati o n fr e-
q u e n c y a n d o ut p ut p o w er, a s s h o w n i n Fi g. 7 . Fi g. 7( a) s h o ws
t h at t h e o s cill ati o n fr e q u e n c y of t h e  D N P S G  B W O i n cr e as es
wit h t h e o p er ati n g v olt a g e.  T h e  mi ni m u m/ m a xi m u m fr e q u e n-
ci e s ar e 7 5 a n d 1 1 3  G H z, at 1 4 a n d 9 0 k V, r e s p e cti v el y, i. e.,
a t u ni n g b a n d of 3 8  G H z is a c hi e v e d, c o v eri n g t h e e ntir e
W - b a n d. I n c o ntr a st, t h e si m ul ati o n r e s ults of t h e  D S G  B W O
i n Fi g. 7( b) s h o w t h at t h er e is a g a p i n t h e fr e q u e n c y b a n d
[ 1 2] (∼ 5 0 k V, ar o u n d 1 0 4  G H z) d u e t o  m o d e c o m p etiti o n
w h e n t h e el e ctr o n b e a m i nt er a cts  wit h t h e hi g h- or d er  m o d e.
T o v ali d at e t his,  w e pr e s e nt t h e si g n als of t h e  D N P S G/ D S G
B W Os at 5 0 k V, as s h o w n i n Fi g. 8 . Fi g. 8( a) s h o ws t h at
t h e o ut p ut si g n al of t h e  D S G  B W O d e cr e a s e s r a pi dl y aft er
5 n s,  w hil e t h e si g n al of t h e  D N P S G  B W O st a y s st a bl e.
We h a v e als o c o n d u ct e d t h e fr e q u e n c y a n al y sis f or t h e si g n als
i n diff er e nt ti m e s p a n s, as s h o w n i n Fi g. 8( b) .  T h e fr e q u e n c y of
t h e si g n al fr o m t h e  D N P S G  B W O r e m ai n s st a bl e at 1 0 2. 2  G H z
i n 1 – 5 a n d 6 – 1 0 n s, b ut t h e si g n al fr e q u e n c y of t h e  D S G
B W O j u m p s fr o m 1 0 2. 7  G H z i n 1 – 5 n s t o 1 4 6. 4  G H z i n
6 – 1 0 n s  wit h a  m u c h s m all er p e a k, s h o wi n g t h at t h e b a c k w ar d
o s cill ati o n c h a n g es fr o m  m o d e 1 t o  m o d e 3, a c c or di n g t o t h e
ill u str ati o n of Fi g. 2( a) o n t h e i nt er a cti o n b et w e e n  m o d e s i n

Fi g. 7. S i m ul at e d o s cill ati o n fr e q u e n c y of ( a) D N P S G  B W O a n d ( b) D S G
B W O.

Fi g. 8. S i g n al s of  D N P S G  B W O a n d  D S G  B W O at 5 0 k V a n d
5 × 1 0 7 A/ m 2 . ( a) T im e- d o m ai n si g n al s a n d ( b) fr e q u e n c y- d o m ai n si g-
n al s f or diff er e nt ti m e s p a n s.

t h e S W S a n d t h e b e a mli n e s. S o, t h e b a n d g a p of t h e  D S G
B W O is c a u s e d b y t h e  m o d e c o m p etiti o n, a n d t h er ef or e, t u ni n g
b a n d is s h ort e n e d.  T h e e n h a n c e d c o u pli n g i m p e d a n c e i n t h e
D N P S G S W S is h el pf ul i n eli mi n ati n g t h e p o w er di p b e c a u s e
it e n h a n c e s t h e i nt er a cti o n  wit h t h e l o w er  m o d e, b o o sti n g t h e
p o w er tr a n sf err e d t o t h e d e sir e d  m o d e a n d s u p pr e ssi n g t h e
hi g h er  m o d e s,  w hi c h e q ui v al e ntl y e x p a n d s t h e t u ni n g b a n d.
T h er ef or e, t h e  wi d e b a n d c a p a bilit y of t h e W - b a n d  D N P S G
B W O is v eri fi e d.
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Fi g. 9. Si m ul ati o n r e s ult s of o ut p ut p o w er of  D N P S G  B W O a n d  D S G
B W O.

Fi g. 9 sh o ws t h at t h e o ut p ut p o w er i n cr e a s e s a s t h e c urr e nt
d e n sit y gr o ws, a n d t h e  m a xi m u m p o w er is 1 9 0 k W at 9 0 k V
a n d 5 × 1 0 7 A/ m 2 ( 4 2. 9  A). T h e p o w er of t h e  D S G  B W O
is l o w er t h a n t h at of t h e  D N P S G  B W O, a n d t h er e is a
p o w er di p at ∼ 5 0 k V d u e t o  m o d e c o m p etiti o n, a gr e ei n g
wit h t h e fr e q u e n c y g a p s h o w n i n Fi g. 7( b) [ 1 2].  T h er ef or e,
t h e  D N P S G  B W O is  m or e r o b u st a g ai n st  m o d e c o m p etiti o n
d u e t o its e n h a n c e d c o u pli n g i m p e d a n c e a n d c o ul d eli mi n at e
t h e p ot e nti al p o w er di p s, t h u s e xt e n di n g t h e  w or ki n g fr e q u e n c y
b a n d.

Si m ul ati o n r es ults of t h e o s cill ati o n fr e q u e n c y a n d p o w er i n
Fi g s. 7 a n d 9 s h o w t h at hi g h p o w er i n a  wi d e b a n d ( c o v eri n g
e ntir e W - b a n d) i n t h e d e si g n e d  D N P S G  B W O is a c hi e v e d.

I V.  CO N C L U SI O N

T his ar ti cl e pr es e nts t h e d esi g n of a W - b a n d  B W O u si n g
a n o v el  D N P S G S W S, dri v e n b y p s e u d o s p ar k- s o ur c e d s h e et
el e ctr o n b e a m. First, t h e  D N P S G S W S is si m ul at e d t o s h o w
a  wi d e  B W O b a n d of 7 2 – 1 2 5  G H z ( 5 3  G H z), a n d its c o u-
pli n g i m p e d a n c e is hi g h er t h a n t h at i n t h e  D S G S W S b y
2. 3 % – 5 5. 3 %.  T h e c o m pl et e str u ct ur e of t h e  B W O is d e si g n e d
a n d f a bri c at e d, c o nsisti n g o f t e n  D N P S G S W S u nits a n d a
wi d e b a n d o ut p ut str u ct ur e.  T h e c ol d t e st of t h e  D N P S G  B W O
s h o ws t h at S 1 1 ( d o u bl e of th e l o ss es i n t h e  D N P S G  B W O) is
a b o v e − 1 0 d B i n  m o st of t h e W - b a n d, a n d its tr e n d a gr e es  wit h
si m ul ati o n r e s ults,  w hi c h is s atisf a ct or y i n t h e p s e u d o s p ar k-
dri v e n hi g h- p o w er d e vi c e.

T h e n, t h e h ot-t e st p erf or m a n c e of t h e  D N P S G  B W O
is i n v esti g at e d  wit h PI C si m ul ati o n i n t h e b e a m v olt a g e
r a n g e of 1 4 – 9 0 k V a n d a b e a m c urr e nt d e n sit y r a n g e of
1. 5 – 5 × 1 0 7 A/ m 2 .  A n u ltr a br o a d t u ni n g b a n d of 3 8  G H z
( 7 5 – 1 1 3  G H z) a n d a hi g h o ut p ut p o w er ( m a x. 1 9 0 k W) ar e
o bt ai n e d, v erif yi n g its hi g h p o w er a n d br o a d b a n d c a p a bilit y
d u e t o e n h a n c e d c o u pli n g i m p e d a n c e.  T h e h ot-t e st  m e a s ur e-
m e nt of t h e W - b a n d  D N P S G  B W O  will b e c o n d u ct e d i n t h e
f urt h er st u d y.

R E F E R E N C E S

[ 1] S.  Gil m o ur, “I ntr o d u cti o n,” i n Kl ystr o ns, Tr a v eli n g  W a v e T u b es,  M a g-
n etr o ns,  Cr oss e d- Fi el d  A m pli fi ers, a n d  G yr otr o ns .  N or w o o d,  M A,  U S A:
Art e c h  H o us e, 2 0 1 1, p p. 1 – 2.

[ 2] J.  H.  B o os k e et al. , “ Va c u u m el e ctr o ni c hi g h p o w er t er a h ert z s o ur c es,”
I E E E Tr a ns. T Hz S ci. Te c h n ol., v ol. 1, n o. 1, p p. 5 4 – 7 5, S e p. 2 0 1 1, d oi:
1 0. 1 1 0 9/ T T H Z. 2 0 1 1. 2 1 5 1 6 1 0.

[ 3] L.  Z h a n g, J.  C ai,  X.  Bi a n,  X.  W u, a n d J. F e n g, “ A n o v el  T H z
f or w ar d a n d b a c k w ar d  w a v e t w o- m o d e b a n d- e d g e os cill at or,” I E E E
Tr a ns. T Hz S ci. Te c h n ol. , v ol. 1 0, n o. 4, p p. 3 9 1 – 3 9 6, J ul. 2 0 2 0, d oi:
1 0. 1 1 0 9/ T T H Z. 2 0 2 0. 2 9 7 2 2 9 1.

[ 4] Y.- M. S hi n, L. R. B ar n ett, a n d N. C. L u h m a n n, “ P h as e-s hift e d tr a v eli n g-
w a v e-t u b e cir c uit f or ultr a wi d e b a n d hi g h- p o w er s u b milli m et er- w a v e
g e n er ati o n,” I E E E Tr a ns.  El e ctr o n  D e vi c es, v ol. 5 6, n o. 5, p p. 7 0 6 – 7 1 2,
M a y 2 0 0 9, d oi: 1 0. 1 1 0 9/ T E D. 2 0 0 9. 2 0 1 5 4 0 4.

[ 5] C. P a ol o ni et al. , “ T H z b a c k w ar d- w a v e os cill at ors f or pl as m a di a g n osti c
i n n u cl e ar f usi o n,” I E E E Tr a ns.  Pl as m a S ci., v ol. 4 4, n o. 4, p p. 3 6 9 – 3 7 6,
A pr. 2 0 1 6, d oi: 1 0. 1 1 0 9/ T P S. 2 0 1 6. 2 5 4 1 1 1 9.

[ 6] Q.  Li u,  Z.  Wa n g, P.  Li u,  C.  D u,  H.  Li, a n d  A.  X u, “ A  T H z b a c k w ar d-
w a v e os cill at or b as e d o n a d o u bl e- gr ati n g r e ct a n g ul ar  w a v e g ui d e,” I E E E
Tr a ns.  El e ctr o n  D e vi c es , v ol. 6 0, n o. 4, p p. 1 4 6 3 – 1 4 6 8,  A pr. 2 0 1 3, d oi:
1 0. 1 1 0 9/ T E D. 2 0 1 3. 2 2 4 6 8 6 8.

[ 7] W.  G e et al. , “ Tr a ns missi o n c h ar a ct eristi cs of d o u bl e st a g g er e d gr ati n g
w a v e g ui d e S W S: Si m ul ati o n a n d  m e as ur e m e nt,” i n P r o c. I nt.  V a c.
El e ctr o n.  C o nf. (I V E C) ,  B us a n, S o ut h  K or e a,  A pr. 2 0 1 9, p p. 1 – 3, d oi:
1 0. 1 1 0 9/I V E C. 2 0 1 9. 8 7 4 5 0 5 9.

[ 8] B. P o p o vi c et al. , “ 3 4 6  G H z  B W O f or f usi o n pl as m a di a g n osti cs,”
i n P r o c. 3 9t h I nt.  C o nf. I nfr.,  Milli m., T Hz  W a v es (I R M M W- T Hz) ,
S e p. 2 0 1 4, p. 1, d oi: 1 0. 1 1 0 9/I R M M W- T H z. 2 0 1 4. 6 9 5 6 1 9 4.

[ 9] G.  X. S h u et al. , “ D e m o nstr ati o n of a pl a n ar  W- b a n d, k W-l e v el
e xt e n d e d i nt er a cti o n os cill at or b as e d o n a ps e u d os p ar k-s o ur c e d s h e et
el e ctr o n b e a m,” I E E E  El e ctr o n  D e vi c e L ett., v ol. 3 9, n o. 3, p p. 4 3 2 – 4 3 5,
M ar. 2 0 1 8, d oi: 1 0. 1 1 0 9/ L E D. 2 0 1 8. 2 7 9 4 4 6 9.

[ 1 0] T.  H.  C h a n g,  C. F.  Y u,  C.  L.  H u n g,  Y. S.  Ye h,  M.  C.  Hsi a o, a n d
Y.  Y. S h i n , “  W- b a n d T E 0 1 g yr otr o n b a c k w ar d- w a v e os cill at or  wit h dis-
tri b ut e d l oss,” P h ys.  Pl as m as , v ol. 1 5, n o. 7, J ul. 2 0 0 8,  Art. n o. 0 7 3 1 0 5,
d oi: 1 0. 1 0 6 3/ 1. 2 9 5 0 3 0 5.

[ 1 1] J.  Xi e et al. , “ St u d y of a 0. 3 5  T H z e xt e n d e d i nt er a cti o n os cil-
l at or dri v e n b y a ps e u d os p ar k-s o ur c e d s h e et el e ctr o n b e a m,” I E E E
Tr a ns.  El e ctr o n  D e vi c es , v ol. 6 7, n o. 2, p p. 6 5 2 – 6 5 8, F e b. 2 0 2 0, d oi:
1 0. 1 1 0 9/ T E D. 2 0 1 9. 2 9 5 7 7 6 0.

[ 1 2] J.  Z h a n g,  Y.  Alf a d hl,  X.  C h e n,  L.  Z h a n g, a n d  A.  W.  Cr oss, “ D esi g n of
d u al- b a n d hi g h- p o w er b a c k w ar d  w a v e os cill at or usi n g d o u bl e st a g g er e d
gr ati n g a n d ps e u d os p ar k-s o ur c e d s h e et b e a m,” i n P r o c. 1 4t h  U. K.-
E ur o p e- C hi n a  W or ks h o p  Milli m etr e- W a v es T Hz Te c h n ol. ( U C M M T) ,
S e p. 2 0 2 1, p p. 1 – 3, d oi: 1 0. 1 1 0 9/ U C M M T 5 3 3 6 4. 2 0 2 1. 9 5 6 9 9 1 4.

[ 1 3] T.  A.  K ar et ni k o v a,  A.  G.  R o z h n e v,  N.  M.  R ys ki n,  A.  E. F e d ot o v,
S.  V.  Mis h a ki n, a n d  N. S.  Gi n z b ur g, “ G ai n a n al ysis of a 0. 2- T H z
tr a v eli n g- w a v e t u b e  wit h s h e et el e ctr o n b e a m a n d st a g g er e d gr ati n g
sl o w  w a v e str u ct ur e,” I E E E Tr a ns.  El e ctr o n  D e vi c es, v ol. 6 5, n o. 6,
p p. 2 1 2 9 – 2 1 3 4, J u n. 2 0 1 8, d oi: 1 0. 1 1 0 9/ T E D. 2 0 1 7. 2 7 8 7 9 6 0.

[ 1 4] G. S h u et al. , “ Dis p ersi o n a n d di el e ctri c att e n u ati o n pr o p erti es of a
wi d e b a n d d o u bl e-st a g g er e d gr ati n g  w a v e g ui d e f or s u bt er a h ert z s h e et-
b e a m tr a v eli n g- w a v e a m pli fi ers,” I E E E Tr a ns.  El e ctr o n  D e vi c es, v ol. 6 8,
n o. 1 1, p p. 5 8 2 6 – 5 8 3 3,  N o v. 2 0 2 1, d oi: 1 0. 1 1 0 9/ T E D. 2 0 2 1. 3 1 1 0 1 8 3.

[ 1 5] J.  Z h a n g et al. , “ St u d y o n  wi d e b a n d  T H z b a c k w ar d  w a v e os cill at or
dri v e n b y ps e u d os p ar k-s o ur c e d s h e et el e ctr o n b e a m,” I E E E Tr a ns.
El e ctr o n  D e vi c es , v ol. 6 7, n o. 8, p p. 3 3 9 5 – 3 4 0 2,  A u g. 2 0 2 0, d oi:
1 0. 1 1 0 9/ T E D. 2 0 2 0. 3 0 0 5 3 6 2.

[ 1 6] A.  B a b a ei h as el g h o bi,  M.  N.  A kr a m,  H.  B.  G h a vif e kr, a n d
L.  R.  Bill a, “ A n o v el c h e vr o n-s h a p e d o u bl e-st a g g er e d gr ati n g  w a v e g ui d e
sl o w  w a v e str u ct ur e f or t er a h ert z tr a v eli n g  w a v e t u b es,” I E E E Tr a ns.
El e ctr o n  D e vi c es , v ol. 6 7, n o. 9, p p. 3 7 8 1 – 3 7 8 7, S e p. 2 0 2 0, d oi:
1 0. 1 1 0 9/ T E D. 2 0 2 0. 3 0 0 6 0 3 8.

[ 1 7] K. Fr a n k a n d J.  C hristi a ns e n, “ T h e f u n d a m e nt als of t h e ps e u d os p ar k a n d
its a p pli c ati o ns,” I E E E Tr a ns.  Pl as m a S ci., v ol. 1 7, n o. 5, p p. 7 4 8 – 7 5 3,
O ct. 1 9 8 9, d oi: 1 0. 1 1 0 9/ 2 7. 4 1 1 9 5.

[ 1 8] W.  H e et al. , “ G e n er ati o n of br o a d b a n d t er a h ert z r a di ati o n usi n g a
b a c k w ar d  w a v e os cill at or a n d ps e u d os p ar k-s o ur c e d el e ctr o n b e a m,”
A p pl.  P h ys. L ett. , v ol. 1 0 7, n o. 1 3, S e p. 2 0 1 5,  Art. n o. 1 3 3 5 0 1, d oi:
1 0. 1 0 6 3/ 1. 4 9 3 2 0 9 9.

[ 1 9] H. Yi n, A. W. Cr oss, W. H e, A. D. R. P h el ps, a n d K. R o n al d,
“ Ps e u d os p ar k e x p eri m e nts:  C h er e n k o v i nt er a cti o n a n d el e ctr o n b e a m
p ost- a c c el er ati o n,” I E E E Tr a ns.  Pl as m a S ci., v ol. 3 2, n o. 1, p p. 2 3 3 – 2 3 9,
F e b. 2 0 0 4, d oi: 1 0. 1 1 0 9/ T P S. 2 0 0 4. 8 2 3 9 8 6.

[ 2 0] G. S h u et al. , “ E x p eri m e nt al d e m o nstr ati o n of a t er a h ert z e xt e n d e d
i nt er a cti o n os cill at or dri v e n b y a ps e u d os p ar k-s o ur c e d s h e et el e ctr o n
b e a m,” A p pl.  P h ys. L ett. , v ol. 1 1 2, n o. 3, J a n. 2 0 1 8,  Art. n o. 0 3 3 5 0 4,
d oi: 1 0. 1 0 6 3/ 1. 5 0 1 1 1 0 2.

 

D e si g n, si m ul ati o n, a n d c ol d t e st of a W- b a n d d o u bl e n o n p ar all el st a g g er e d gr ati n g b a c k w ar d w a v e o s cill at or

http://dx.doi.org/10.1109/TTHZ.2011.2151610
http://dx.doi.org/10.1109/TTHZ.2020.2972291
http://dx.doi.org/10.1109/TED.2009.2015404
http://dx.doi.org/10.1109/TPS.2016.2541119
http://dx.doi.org/10.1109/TED.2013.2246868
http://dx.doi.org/10.1109/IVEC.2019.8745059
http://dx.doi.org/10.1109/IRMMW-THz.2014.6956194
http://dx.doi.org/10.1109/LED.2018.2794469
http://dx.doi.org/10.1063/1.2950305
http://dx.doi.org/10.1109/TED.2019.2957760
http://dx.doi.org/10.1109/UCMMT53364.2021.9569914
http://dx.doi.org/10.1109/TED.2017.2787960
http://dx.doi.org/10.1109/TED.2021.3110183
http://dx.doi.org/10.1109/TED.2020.3005362
http://dx.doi.org/10.1109/TED.2020.3006038
http://dx.doi.org/10.1109/27.41195
http://dx.doi.org/10.1063/1.4932099
http://dx.doi.org/10.1109/TPS.2004.823986
http://dx.doi.org/10.1063/1.5011102

	Abstract
	Index Terms—
	I. INTRODUCTION
	II. DESIGN OF DNPSG SWS
	III. ANALYSIS ON BWO PERFORMANCE
	IV. CONCLUSION
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




