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Ph t gra etric survey
f ag etic fie d i es

i  the ste arat r WEGA
I tr ducti
The c fi e e t qua ity f the ag etic fie d i  a ste ara
t r is ge era y very se sitive t  fie d err rs  e g  devia
ti s i  the p siti  a d rie tati  as we  as the shape f 
the ag et c i s  It is theref re ecessary t  characteri e 
the ag etic c figurati  a d pr ve the existe ce f 
c sed a d ested f ux surfaces  Si ce the vacuu  fie d i  
a ste arat r—pr duced y by the exter a  c i s—is 
a ready c fi i g  this chec  f r fie d i tegrity ca  be 
d e experi e ta y with ut p as a  A c  eth d 
1  2  f surveyi g the fie d structure uti i es a  e ectr  

bea  which f ws the fie d i e due t  reduced perpe
dicu ar bi ity  A f u resce t esh r a vi g f u res
ce t bar is ecessary t  detect the i tersecti  p i ts f the 
bea  i  a p ida  cr ss secti  S  far  y the detecti  
pri cip e i its the easured data t  a tw di e si a  
cut view  The e ectr  bea  tra ect ry f ws the wh e 
fie d i e  its f ux surface  s  that a  a ter ative bea  

easure e t tech ique ca  ffer spatia  i f r ati  
Usi g a bac gr u d gas  it is p ssib e t  visua i e the 
bea  via e ectr i pact excitati  f the gas partic es 
3  This u i esce t trace is visib e thr ugh ut the ste
arat r a d ca  be bserved fr  differe t viewp i ts a d 
easured by ea s f ph t gra etry  The trace is i

ited i  ra ge due t  a fi ite i itia  e ergy f the e ectr s 
a d a steady e ergy ss i  the excitati  pr cesses  This 
ess i vasive tech ique  which pr vides a three di e

si a  (3D) easure e t f the ag etic fie d i es  was 
app ied a d pti i ed at the WEGA ste arat r at ax
P a c I stitut f r P as aphysi  Greifswa d  

The experi e ta  setup
The experi e t WEGA is a c assica  ste arat r with a 

a r radius R0  72 c  a d a i r radius r0  19 c  f r 
the t r ida  p as a vesse  F rty t r ida  a d tw  he ica  
c pper c i s pr duce a ag etic fie d B0  50–600 T 

with a r tati a  tra sf r      2  0 1  …  1 f r a typi
ca  f at t p ti e f t   30 s  A re detai ed descripti  

f the ste arat r WEGA ca  be f u d i  4

The free e ectr s f r the bea  were pr vided by a heated 
tu gste  wire a d acce erated t  a  i itia  e ergy E0  
e UA with the acce erati  v tage UA app ied betwee  the 
wire (cath de) a d eta  cup (a de) with a h e  The ves
se  was at the sa e p te tia  as the a de t  scree  the 
e ectric fie d utside the e ectr  gu  Figure 1 sh ws the 

easure e t setup at the ste arat r usi g f ur viewp i ts 
with ver appi g fie ds f view  I side the vesse  which 
was evacuated t  a pressure p betwee  103 a d 106 

I  this issue   
Ph t gra etric survey f ag etic fie d i es 
i  the ste arat r WEGA
A ew fie d i e detecti  tech ique exte ds the usua  
tw di e si a  P i car  p ts a d e ab es a three
di e si a  survey f a ag etic fie d i e i  the 
wh e t rus at ce  This tech ique has bee  tested 

 the WEGA ste arat r at the ax P a c I stitute 
f r P as a Physics i  Greifswa d  1

E ectr  cyc tr  e issi  fr  the WEGA 
ste arat r
 After i sta ati  f a  e ectr  cyc tr  e issi  
(ECE) diag stic  the WEGA ste arat r  first ea
sure e ts were carried ut at derate e ectr  te
peratures f 5 eV  A th ugh the spectru  is 
d i ated by bre sstrah u g  the existe ce f ECE 
c u d be sh w 4

E ectr static p te tia  easure e t usi g
a 6 eV heavy i  bea  pr be i  HD
A heavy i  bea  pr be (HIBP) has bee  i sta ed i  

HD where it wi  be used f r direct easure e ts f 
the e ectr static p te tia  i  c re p as as  The diag

stic syste  is discussed  a d bserved p te tia  
pr fi es a d f uctuati  spectra  i c udi g A fv  
eige des a d e ergetic partic e i duced ge desic 
ac ustic de (eGA )  are sh w  7
A  pi i s expressed herei  are th se f the auth rs a d sh u d t be repr duced  qu ted i  pub icati s  r 
used as a refere ce with ut the auth r’s c se t
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Ste a

Fig  1  Experi e ta  setup with t r ida  fie d c i s (dar  b ue)  vacuu  vesse  (grey)  u i esce t trace f the e ectr  
bea  (red)  f ur bservati  ca eras (b ac ) a d six refere ce ar s u ted  the high fie d side (white d ts with 
ri gs)
bar  a set f refere ce ar s was i sta ed t  deter i e 
the exact ca era p siti s  The pictures were ta e  by a 
Star ight ExpressT  HX916 chr e ca era usi g a 
Pe tier c ed CCD chip with a res uti  f 1300  1030 
pixe s  a wi g detai ed i ages a d g exp sures f up 
t  tE  5 s  T  retrieve the 3D c rdi ates f the visib e 
trace  the c ercia  ph t gra etry s ftware AIC  
3D Studi  5  was used  The pr gra  ca cu ates the ight 
ray g i g fr  the visua i ed fie d i e thr ugh the ptica  
syste  t  the pixe   the i age se s r with a ray traci g 
a g rith  By ta i g tw  differe t pictures fr  the sa e 
secti  f the fie d i e tra siti  the i tersecti  p i ts 
f the respective ca cu ated ight rays pr vide the c rdi
ates f the easured trace  The precise ptica  a d ge
etric pr perties f the e s syste  a d i age se s r were 

chec ed i  a pri r ca ibrati  I  additi  the exact ca
ti s a d rie tati  f the ca eras were deter i ed 
usi g a ca ibrated set f refere ce p i ts visib e i  the 
bac gr u d f every i age

Resu ts
The e ectr  bea  was pti i ed f r high u i esce ce  

g ra ge  a d s a  diverge ce  The ai  depe de ces 
ccurred f r differe t gas pressures p  gas types  fie d 

stre gths B0  a d acce erati  v tages UA  The effect f 
these para eters  the ra ge f the visib e trace was addi
ti a y c pared with a c isi  de  ta i g i t  
acc u t i e astic a d e astic scatteri g f e ectr s  at s  
a d i s  A th ugh qua itative agree e t was f u d  
charge accu u ati  space charge effects  a d i creases 
i  pitch a g e see ed t  be eg igib e but u c sid
ered fact rs  

Regardi g the e ectr  gu  the shape a d desig  f the 
a de had a str g i f ue ce  b th the e issi  curre t 

a d the distributi  f e ectr s with differe t pitch a g es 
i  the bea  

F r app icati  at WEGA  the ra ge f the visib e trace 
was t axi i ed but i ited t  e sure easy disti cti  
f the differe t rev uti s  As a resu t  ph t s i e that i  

Fig  2 were ta e  f r a ag etic c figurati  with   0 2 
at B0  589 T  Arg  served as bac gr u d gas at p  4 
 104 bar  The e itted e ectr s with a curre t f IE  2 

A had a  i itia  e ergy f E0  300 eV  Thus  the bea  
created a visib e trace f 5 rev uti s r s  24  i  
e gth a d a bea  cr ss secti  dia eter d  5 

As sh w  i  Fig  2  ph t s f the u i esce t traces a d 
the refere ce p i ts have bee  ta e  seque tia y a d 

erged via ph t  editi g t  ha d e the high c trast 
betwee  refere ce p i ts  traces a d bac gr u d  These 
perspective pictures fr  f ur a g es f view were pr
cessed by the ph t gra etry s ftware  a d a easured 
p i t c ud f the trace was btai ed

It was p ssib e t  easure up t  the f urth rev uti  f 
e ag etic fie d i e i  the ste arat r with a  accuracy 

f ab ut 5  By easuri g part f the f urth rev u
ti  this is equiva e t t  a se sitivity i  the r tati a  
tra sf r  f   0 004  The s etches i  Fig  3 sh w a 
c paris  betwee  the easured p i ts a d a u erica  
si u ati  6  f a drift path f equiva e t e ectr s  As 
ca  be see  the tra ect ries are t exact y the sa e  
rather  they are shifted a d ti ted  This pr duces a  addi
ti a  deviati  up t  r  7  at the f urth rev uti  
This deviati  resu ts fr  the deter i ati  f the ca
era p siti s usi g i accurate p siti s f the refere ce 

ar s a d pr b e s with ergi g the seque tia  ph t s
rat r ews 2 u e 2009



Ste a
ut
The pr f f pri cip e f r this 3D easure e t tech ique 
f r ag etic fie d i es was give  a th ugh s e w r   
i pr vi g the accuracy re ai s t  be d e  I  particu ar  
better ca era p siti  deter i ati  by usi g a re 
accurate u t f r the refere ce ar s w u d be be efi
cia  I  rder t  preve t u i te ded i teracti  with the 
p as a i  ater experi e ts  it w u d a s  be preferab e t  
use disti ct features f the p as a vesse  as refere ce 
p i ts rather tha  additi a  ar s u ted  a carrier

everthe ess  this tech ique prese ts a  a ter ative way f 
characteri i g vacuu  ste arat r fie ds  a d its use f r the 
first ag etic fie d tests at We de stei  W7 X is u der 
discussi  Additi a  fie ds f app icati  are the a ig

e t a d ad ust e t f t r ida y separated p as a diag
stics ai ed at specific parts f the ag etic fie d  such 

as the ag etic axis r the ast c sed f ux surface  Fur
ther re  this pri cip e c u d be used f r a  experi e ta  
3D i vestigati  f trapped partic e rbits  with a  appr
priate e ectr  gu  that e its partic es with a high fracti  
f the i pu se perpe dicu ar t  the ag etic fie d i e
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tra siti s i  the fie d f view a d six refere ce ar s 
i side the t rus  

Fig  3  C paris  f easured data (red) with u eri
ca y ca cu ated drift tra ect ries ( ra ge) viewed fr  
ab ve (t p) a d i side (b tt )  the p as a vesse  (dar  
b ue c t urs)  The b ac  figure represe ts the six c
ected refere ce ar s
rat r ews 3 u e 2009



Ste a
E ectr  cyc tr  e issi  
fr  the WEGA ste arat r
After i sta ati  f the ew 28 GH  e ectr  cyc tr  
res a ce heati g (ECRH) syste  (gyr tr ) at the ste
arat r WEGA ( ax P a c I stitut f r P as aphysi  

Greifswa d) e ectr  te peratures c ear y exceedi g 
15 eV are expected 1  I  this paper we describe the 
rece t y i sta ed e ectr  cyc tr  e issi  (ECE) diag

stic  Because ECE is the sta dard te perature diag s
tic i  fusi  research  it sh u d be tested at WEGA  The 
first tests prese ted here have bee  carried ut usi g a 
2 45 GH  ECRH syste  with e ectr  te peratures f 
ab ut 5 eV  U der these c diti s the e issi  is d i

ated by bre sstrah u g  h wever  the existe ce f ECE 
has bee  de strated

WEGA is a ediu si ed c assica    2    5 ste arat r 
with a r radius R  72 c  a d axi u  p as a radius 
a  11 c  F r ce tra  p wer dep siti  i  the p as a 
usi g the 10 W  28 GH  ECRH syste  the ag etic 
f ux de sity  the p as a axis ust be B0  0 5 T t  be 
res a t at the sec d har ic f the e ectr  cyc tr  
freque cy  I  additi  t  this res a t case  the p as a ca  
be heated res a t y at B0  0 5 T by the 2 45 GH  
syste  (26 W)  ear y the sa e e ectr  de sities up t  

e  5  1018 3 with typica  e ectr  te peratures Te  
5 eV ca  be reached i  b th cases

T  ca cu ate the t ta  expected icr wave e issi  f the 
p as a  a  i tegrati  f the e issi  c efficie t a g 
the sight i e ust a s  i c ude abs rpti  I  the case f 
high ptica  depth ( )  i e i tegrati  f the ca  
abs rpti  c efficie t a g the pr pagati  directi  f 
the e ectr ag etic wave eads t  a direct pr p rti a ity 
f bserved i te sity t  Te  The sec d har ic f the 

perpe dicu ar y p ari ed wave (X2 de) has the highest 
ptica  depth a d is ge era y used f r te perature diag
stic 2  The ptica y thi  p as as at WEGA have   

0 1 i  the expected X2 freque cy ra ge fr  25 GH  t  35 
GH  s  that wa  ref ecti s at the eta ic wa s f the 
t rus have t  be c sidered  This eads t  a  bserved 
radiati  te perature Ts  
Te(1 e) (1 e) with a typica  va ue f Ts  0 1Te  f r 
a ref ecti  c efficie t  > 0 9

T  detect the icr wave radiati  e itted by the p as a  
a u ticha e  radi eter syste  was i sta ed (Fig  1)

The radiati  is received by a h r  a te a a d prea p i
fied by a w ise a p ifier ( A) with a ise te pera
ture f 230  a d 22 dB gai  C versi  t  a wer 
freque cy ba d by a heter dy e tech ique is t ecessary 
due t  the avai abi ity f a p ifiers i  the freque cy ra ge 
up t  40 GH  2  The sig a  is sp it by ea s f p wer 
dividers a d ba dpass fi ters i t  12 freque cy ba ds  The 
p wer f the i cide t radiati  is easured usi g i c her
e t detect rs  The radi eter fi ter ba  c u d be ta e  
fr  the ear ier ECE syste  f We de stei  7 AS (W7
AS) 3  f the existi g 12 cha e s  7 are withi  the 
expected e ectr  cyc tr  freque cy ra ge  WEGA  
T  pr tect the se sitive prea p ifier agai st the str g 28
GH  radiati  f the gyr tr  a tch fi ter based up  
atera  c up i g f cavity res at rs at a waveguide was 

bui t  The H011 de was se ected as the i duced wave 
fie d at 28 GH  Figure 2 sh ws the tra s issi  charac
teristic f the tch fi ter usi g f ur seria  c ected res
at rs  

The vertica  gree  i es i dicate the regi  f expected 
ECE at sec d har ic acc rdi g t  the p as a area 
withi  the ast c sed f ux surface ( CFS)  see Fig  3 f r 
rie tati  

 1

Fig  1  B c  diagra  f the ECE diag stic

Fig  2  tch fi ter ss  versus freque cy f  Grey shaded 
freque cy ra ges sh w ba dpass fi ters f the radi eter 
cha e s  The H011 ai  res a ce at 28 GH  i duces 
suppressi  up t  45 dB
rat r ews 4 u e 2009



Ste a
A  ver ap f differe t har ics d es t exist  The fi
ter was desig ed i  such a way that the se sitivity f cha

e s c veri g the ECE freque cy ra ge is y wea y 
affected by parasitic res a ces  The se sitivity f the 
cha e s was deter i ed with the aid f a h t c d tech
ique 2  usi g b ac b dy radiati  at r  te perature 

a d iquid itr ge  The easured va ues are i  the regi  
f 

30 V

The first easure e ts with the ew icr wave diag s
tic i vestigated p as as usi g res a t heati g at 
2 45 GH  a d 0 5 T a d de strated the perf r a ce f 
the wh e ECE syste  Evide ce f r cyc tr  e issi  
was f u d i  a specia y desig ed discharge sce ari  
sh w  i  Fig  4 where tw  ti e wi d ws with differe t 

ag etic fie d are c pared

The ag etic f ux de sity was ch se  such that the ECE 
X2 e issi  is ce utside the detecti  ra ge f the 
radi eter (B0  0 35 T  fc X2  19 6 GH ) whereas the 
ECE shifts t wards the ce tra  freque cy cha e s f r the 
higher fie d (B0  0 49 T  fc X2  27 5 GH )  T  guara tee 
a c sta t radiati  eve  the heati g p wer P ut was 
ad usted at 0 49 T such that the i e i tegrated de sity d  
was ept c sta t  The agree e t f e ectr  de sity e 
a d e ectr  te perature Te pr fi es was chec ed with 

a g uir pr bes  The b tt  ti e trace sh ws as a  
exa p e the c rresp di g radiati  te perature f the 
cha e  with a id freque cy f 31 5 GH  The easured 
va ue c rre ates with the i e i tegrated de sity a d the 

ag etic f ux de sity  It a s  a es c ear that the syste  

has the abi ity t  detect radiati  te perature va ues 
d w ward t  0 1 eV  F r better c parabi ity Fig  5 
depicts the radiati  te perature vs ti e a d the id fre
que cy f the cha e s  

 

A t ic decrease f the radiati  te perature with 
higher freque cy is bvi us  With step up f the ag etic 
f ux de sity fr  0 35 T t  0 49 T  the radiati  te pera
ture i  the cha e s with additi a y expected ECE 
i creases  t  Bef re this rise ca  be ide tified as cyc
tr  e issi  the s urce f the e issi  f r ag etic 
fie d va ues up t  0 35 T ust be c arified  A third har

ic i  this a p itude w u d de a d a  i crease f 
e issi  i  the tw  cha e s ab ve 37 GH  at the ag

etic fie d f 0 49 T  Ta i g i t  acc u t that w te per
ature p as as are d i ated by c isi s  bre sstrah u g 

Fig  3  P i tier p t f a WEGA c figurati  with a  1 5 
a d the ag itude f ag etic f ux de sity c r c ded i  
the bac gr u d

Fig  4  Ti e traces f ag etic f ux de sity B0  the axis  
heati g p wer P ut  i e i tegrated de sity  d  a d radia
ti  te perature TS

Fig  5  Radiati  te perature TS vs ti e t a d id fre
que cy f f the radi eter cha e s  
rat r ews 5 u e 2009



Ste a
a s  has t  be c sidered  The i tegrated va ue f the 
e issi  c efficie t f bre sstrah u g a d cyc tr  radi
ati  is i  the sa e rder f ag itude but the typica  
exp e tia  decay f bre sstrah u g with freque cy is t 
expected i  the icr wave ra ge  H wever  app yi g a 
si p e e di e si a  radiative tra sfer de  resu ts i  
a si i ar freque cy depe de cy f their expected radiati  
te perature 4  Figure 6 sh ws the radiati  te perature 
vs the freque cy at a ag etic f ux de sity f 0 35 T

The vertica  b ac  i es i dicate the freque cy ra ge with 
expected cyc tr  e issi  at a ag etic f ux de sity f 
0 49 T  ECE is expected y i  the cha e s ut i ed i  
red  The red curve sh ws the ca cu ated radiati  te pera
ture f bre sstrah u g  ta i g wa  ref ecti s based  
this si p e de  i t  acc u t  c fir i g the bserved 

ag itude as we  as the basic freque cy depe de ce  
H wever  t  a e a u ique ide tificati  f the bserved 
u p i  the radiati  te perature with ECE  a refere ce 

fie d arger tha  0 35 T is ecessary s  that the refere ce 
case cha e s with expected ECE fa  i  the freque cy 
ra ge f the diag stic  This is used f r Fig  7  which p ts 
the i crease f the radiati  te perature at 0 49 T with 
respect t  tw  differe t refere ce fie ds  

The ver appi g cha e s are ut i ed i  red  At b th ref
ere ce fie ds (0 40 T a d 0 44 T)  these cha e s are sepa
rated by a  edge fr  the ther es  This bservati  
sh ws ECE as a  additi a  radiati  pr cess  He ce a 

ixi g f tw  differe t radiati  pr cesses is ref ected i  
this te perature ra ge  At e ectr  te peratures ab ve 
15 eV the p ssibi ity f their qua titative deter i ati  
via ECE is expected  H wever  c sideri g the wave
e gth a d p as a di e si s a fu wave ca cu ati  is 

additi a y ecessary f r this purp se
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E ectr static p te tia  ea
sure e t usi g a 6 eV heavy 
i  bea  pr be i  HD
I tr ducti
A heavy i  bea  pr be (HIBP) is a u ique diag stic 
t  t  easure the e ectr static p te tia  t gether with 
the p te tia  a d de sity f uctuati s  direct y a d si u ta
e us y i  high te perature ag etica y c fi ed p as
as  I  axisy etric p as as  the radia  e ectric fie d 

is a ey para eter f r b th e c assica  tra sp rt a d 
a a us tra sp rt

I  the arge He ica  Device ( HD) at T i  apa  a  
HIBP has bee  i  deve p e t si ce the begi i g f the 
pr ect  Rece t y  p te tia  pr fi es a d f uctuati s have 
bee  bserved usi g the HIBP 1  2  Here the HIBP sys
te  is described a d s e bservati s usi g the HIBP 
are rep rted

HIBP syste   HD
I  a  HIBP  si g y charged p sitive i s are i ected i t  a 
p as a as a pri ary bea  a d d ub y charged i s 
btai ed by i i ati  due t  c isi  with the p as a  

the path f this bea  are detected (referred t  as the sec
dary bea )  I  rder t  extract the pr be bea  fr  the 

p as a  the ar r radius f the pr be bea  ust be 
c parab e with the si e f the p as a device  Si ce the 

ag etic fie d i  HD is up t  3 T a d the device si e is a 
few eters  si g y charged heavy i s with e ergies f 

severa  i i  e ectr  v ts are required f r the pri ary 
bea  T  date  the highest e ergy achieved has bee  2 

eV f r the HIBP i  the TEXT U t a a  i  which 
s e tech ica  difficu ties were experie ced i  high v t
age perati  I  rder t  reduce difficu ties  a ta de  
acce erat r a d a ew type f e ergy a a y er have bee  
ad pted i  the HD HIBP

U i e previ us HIBPs  a ta de  acce erat r is used i  the 
HD HIBP t  reduce the acce erati  v tage  A ta de  

acce erat r has a  i i er  which is a gas ce  f r the HD 
HIBP  at the ce ter  a d high p sitive v tage is app ied 
there  Si g y charged egative i s  which are Au  f r the 

HD HIBP  are i itia y i ected i t  the acce erat r a d 
acce erated t wards the gas ce  They are i i ed p si
tive y (Au  Au2  …) by c isi s with eutra  partic es 
i  the gas ce  The  they are acce erated agai  t ward the 
ther side p rt  which is gr u ded  Thus  the ta de  

acce erat r ca  acce erate the bea  partic es twice  a d 
y ha f f the acce erati  v tage c rresp di g t  the 

required e ergy f a si g y charged p sitive i  bea  is 
required   the ther ha d  the ta de  acce erat r 
requires egative i s f r the i itia  bea  Fr  the p i t 
f view f i  ass a d re iabi ity as a egative i  

s urce  g d i s (Au ) were se ected a d have bee  deve
ped f r the HD HIBP  The si g y charged p sitive i s 

(Au ) which are acce erated a d extracted fr  the acce
erat r are i ected i t  p as as  A bea  e ergy f 6 eV 
is eeded t  easure the p te tia  usi g the Au  bea  at 
the ag etic axis with a ag etic fie d stre gth f 3 T  s  
the axi u  acce erati  v tage f the ta de  acce era
t r is 3 V  
rat r ews 7 u e 2009

Fig  1  Sche atic view f the HD HIBP



Ste a
The pr be bea  is i ected thr ugh the b tt  p rt f the 
HD vacuu  vesse  a d the sec dary bea  btai ed by 

i i ati  due t  c isi  with the p as a is se ected a d 
detected at the h ri ta  p rt  ctup e def ect rs are 
i sta ed at the i ecti  a d detecti  p rts  a d b th are 
used t  c tr  the bea  tra ect ry i  three di e si s  
This active tra ect ry c tr ” eth d was deve ped f r 
a  HIBP i  the C pact He ica  Syste  (CHS)  The 
ge etry f the HD HIBP is sh w  i  Fig  1

The variati  i  bea  e ergy  which c rresp ds t  the 
e ectr static p te tia  at the i i ati  p siti  f the 
pr be bea  ust be a a y ed  Para e p ate e ectr static 
a a y ers are usua y used f r HIBPs because they have 
the desirab e pr perty f sec d rder f cusi g f r the 
i cide t a g e  H wever  this type f a a y er requires a  
i practica  v tage f severa  hu dred i v ts f r the 

eV ra ge bea  f the HD HIBP  He ce  we have 
devised a ew e ergy a a y er with tw  sets f e ectr des  
a ta de  para e p ate e ergy a a y er  The i cide t 
a g es f the ta de  e ergy a a y er are desig ed as 6 
degrees f r the first e ectr de a d 10 degrees f r the sec

d e ectr de  i  c trast t  the 30 degrees f a c ve
ti a  para e p ate a a y er  C seque t y  the required 
v tages ca  be reduced t  56 5 V  the first e ectr de 
a d 113 6 V  the sec d e ectr de f r a 6 eV bea  
a d this ew a a y er has bee  verified t  w r  success
fu y i  the HD HIBP syste

The bservab e area is sh w  i  Fig  2  The p te tia  pr
fi e ca  w be easured i  the c re regi  by the HIBP  
Si ce the radia  e ectric fie d Er i  the edge regi  ca  be 

easured usi g charge excha ge spectr sc py (CXS) i  
HD  the Er pr fi e i  the wh e regi  ca  be easured 

with the HIBP a d CXS  C p e e tary easure e ts 
usi g b th the HIBP a d CXS wi  adva ce the study f 
the physics f radia  e ectric fie d f r ati  i  he ica  
p as as

P te tia  pr fi e a d f uctuati  easure e t
I  this secti  as a  exa p e f p te tia  easure e t by 
the HIBP  the cha ge i  the p te tia  pr fi e duri g e ec
tr  heati g a d the characteristic p te tia  f uctuati s i  
p as as with wea  ag etic shear are sh w  

I  HD  the r tati a  tra sf r  is c tr ed by use f 
e ectr  cyc tr  curre t drive (ECCD) 3  Wea  r eg
ative ag etic shear pr fi es are f r ed duri g ECCD i  
the c directi  which i creases the r tati a  tra sf r  
i  the c re regi  a d the  characteristic ag etic a d 
e ectr static f uctuati s are bserved

The p as a is pr duced a d sustai ed by ba a ced ta ge
tia  eutra  bea  i ecti  ( BI)  a d the i e averaged 
e ectr  de sity is 0 1 1019 3 a d c sta t  ECCD is 
superp sed f r 0 6 s  a d wea  ag etic shear pr fi es are 
f r ed by ECCD as sh w  i  Ref  3  The e ectr  te
perature a d e ectr static p te tia  pr fi es duri g a d 
after ECCD are sh w  i  Fig  3  A p sitive e ectric fie d is 
f r ed i  the c re regi  duri g ECCD because f the 
e ectr  heati g  a d the tra siti  t  the e ectr  r t pre
dicted by e c assica  the ry qua itative y acc u ts f r 
this behavi r f the p te tia  pr fi es

Fig  2  bservab e regi  (a) Rax  3 6  BQ  100%    
1 254  (b) Rax  3 75  BQ  100%    1 254  The bea  
e ergy is sh w  i  the ege d i  each figure  The sa p e 
v u e traces the ar ed curve duri g a sweep f the 
pr be bea  The sa p e v u e f the pr be bea  with 
the sa e ar r radius ( ) traces the sa e 
curve  where Eb a d Bt are the bea  e ergy a d the t r i
da  ag etic fie d stre gth  respective y

b Eb Bt
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Ste a
 

Duri g ECCD  severa  ag etic f uctuati s are bserved 
at freque cies  40 H  a d their freque cies cha ge 
gradua y with a ti e c sta t f a few hu dred i isec

ds as sh w  i  Fig  4(a)  th ugh the e ectr  te pera
ture a d de sity are c sta t  The freque cy shift see s t  
ref ect a cha ge i  the r tati a  tra sf r  pr fi e  Si i ar 
f uctuati s are bserved i  p as as with wea  r 
reversed ag etic shear pr duced by eutra  bea  curre t 
drive ( BCD) 4  a d the f uctuati s are the reversed
shear i duced A fv  eige des (RSAEs)  

F uctuati s are a s  bserved i  the p te tia  spectr gra  
easured usi g the HIBP  where the easure e t p si

ti  f the HIBP is recipr cated fr    0 1 t    0 4 at 
a freque cy f 10 H  (Fig  4(b)) a d the spectr gra  
i c udes t y the te p ra  ev uti  but a s  the spa
tia  structure  As sh w  i  Fig  4(c)  severa  des wh se 
freque cies vary i  the freque cy ra ge f 40 H  a d 

re i  the p te tia  f uctuati  are bserved  as i  the 
ag etic f uctuati  I  additi  t  that  a p te tia  f uctu

ati  with a c sta t freque cy f ab ut 35 H  duri g 
ECCD a d 20 H  ust after ECCD is bserved  The fre
que cy depe ds  the square r t f the e ectr  te per
ature  a d its abs ute va ue a st agrees with the 
ge desic ac ustic de (GA ) freque cy  The de is 

t bserved i  p as as with ut ta ge tia  BI  Thus  the 
de with the c sta t freque cy wi  be the e ergetic 

partic e i duced GA  

As e ti ed ab ve  si ce the spectr gra  sh w  i  Fig  
4(c) i c udes i f r ati  ab ut the spatia  structure as 
we  as the te p ra  ev uti  the spatia  distributi  f 
the p te tia  f uctuati s ca  be esti ated  Figure 5 sh ws 
the distributi  f the p wer f each de 5  The wer 
freque cy de exists i  i er regi  a d the de with 
the GA  freque cy is excited i  the i er st regi  

At prese t  the de structure is t ide tified  A u ti
cha e  detect r  which is u der deve p e t  wi  he p us 
c arify re precise structure f the p te tia  pr fi e a d 
f uctuati  

Fr  the p i t f view f turbu e ce easure e t  the 
sig a t ise rati  is t sufficie t t  detect the turbu e t 
p te tia  f uctuati  The deve p e t f a high p wer 
egative i  s urce a d re efficie t detect r is eces

sary  a d it is u der way  

Fig  3  (a) E ectr  te perature pr fi es a d (b) e ectr
static p te tia  pr fi es  The p as a is pr duced a d sus
tai ed by ba a ced ta ge tia  BI  a d ECCD is 
superp sed fr  1 3 t  1 9 s  The refere ce e ectr static 
p te tia  is  the HD vacuu  vesse

Fig  4  (a) Spectr gra  f the ag etic f uctuati  (b) 
easure e t p siti  f the HIBP  (c) Spectr gra  f the 

e ectr static p te tia  f uctuati

Fig  5  Spatia  distributi  f c here t p te tia  f uctuati s 
i  each freque cy ra ge  The data fr  1 75 t  1 80 s are 
a a y ed i  Fig  4
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Ste a
Su ary
A  HIBP usi g a 3 V ta de  acce erat r has bee  
i sta ed i  HD a d used t  easure the e ectr static 
p te tia  i  c re p as as

The easured p te tia  pr fi e sh ws the tra siti  fr  
wea  egative Er t  str g p sitive Er  a d the behavi r is 
qua itative y acc u ted f r by e c assica  the ry  

Fr  the p i t f view f the f uctuati  easure e t  
the e ectr static p te tia  f uctuati s re ati g t  the 
RSAE a d the e ergetic partic e i duced GA  are ea
sured ca y a d direct y  a d their spatia  distributi s 
are c arified

Direct easure e t f the p te tia  a d its f uctuati  by 
the HD HIBP wi  c tribute t  better u dersta di gs f 
p as a c fi e e t
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