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   The  posltive column  of  tow pressure  diseharge has been  used  for an  illuminating
lamp, a  gas laser and  a  plasma  display device. When  a  transverse  magnetic  field is
applied  on  a  positive  column,  the  plasma  parameters  such  as  an  axial  electric  field,
an  electron  temperature  and  an  etectron  density are  increased. As  a  result,  the  light
intensity of  a gas  laser, for example,  is increased with  the  transverse  magnetic  field.
In this paper, the  experimental  results  on  such  p[asma  parameters  and  the  Light in-
tensity are  measured  for the  cylindrical  discharge tube  fiHed with  neon  gas.  The  tube
used  {s 40mm  in diameter  and  the  discharge current  is20-60mA.  The  magnetic  field
is varied  from  O  to 1000G.  It was  found  that the  above  mentioned  plasma  parameters
were  increased  with  the  magnetic  field, and  that this effect  is more  remarkabLe  at

lower gas  pressure.  The  experimental  result$  were  discussed qua[itatively with  the
waLI  effect  of  electrons  in the  positive coEumn.

  t. Introduotion

  When  a  steady  unifoTm  positive eolumn  of  a  low

pressure discharge  is applied  with  a  transverse
magnetie  field, sueh  various  ehanges  as  the inerease
in the anode  potential and  the intensity of  radiation

take plaee, These phenomena  are  interesting from the

viewpoint  of  the eontrol  of the intensity of r'adiation

and  of  the speetrum  fr'om the diseharge tube  like
a  gas ]aser or  a  plasma  display.

  Penning'!' studied  the eharacteristics  of  the glow
discharge of the coaxial  cy]inder  in a  crossed  elec-

tric and  magnet･ie  field in helium  and  neon.  McBee

and  DowZ' investigated the potential distribution in

an  uneonfined  glow  discharge in a  transverse mag-

netic  field in the air.  Sen  and  Gupta3' also  in-
vestigated  experimentally  the variat･ion  of  the dis.

eharge  eurrent  in a  trallsverse magnetic  field in

heliurn, neon,  hydrogen a.nd air. There have been,
however, no  reports  on  the measurements  of  the
intellsity ef  radiation  and  its radial  distribution in
a  positive eolumn  in a  transverse magnetic  field.

On  the other  hand, these phenomena  have been
theoretieally treated by  Beekman`'  on  the basis of

t･he eaTier  theory  of  Tonks  and  Allis5' . Aecording
to the Beekman's  theory, the axial  electric  field and
the eleetron  temperature  in the positive eolunm  in-
eTease  with  increase of  the transverse magnetic

field. But  the direet measurements  of  the  electron

temperature  and  the axial  electrie  field have  been
reported  littl so  fare]u9].
  In this paper  the results  of  the measurements  on
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the intensity of  radiation  of the positive column

and  its radial  distribution in a  transverse magnetic
field by  an  optiaal  instrument  and  those on  the

electron  temperature,  the axial  eleetrie  field and

the wall  loss by means  of  probes  are  presenbed.
Then  the experimental  resulbs  are  qualitatively
diseussed.

  2.  ExperimentaX  procedure

  The discharge tube used  was  cylindrieal  with a

plasma  of about  200mm  in Iength and  of 40mm

in diameter' as  shown  in Fig. 1(a}. It eonsisted  of

a  disc anode  of  molybdenum,  a  hollow cathode  of

nickel  and  three probes of  tungsten,. The  probes
weTe  two eylindrieal  probes  and  a  ring  one.  The

eylindrical  probe was  O.2mm  in diameter and

2.0rnm  in length, sheathed  in the glass, and  was

plaeed with a  spacing･  of  20 mm  in the axial  dir'ee-
tion. They  were  inserted into the plasma  at  each

plaee･ as  shown  in Fig. 1(a). The ring  probe  was

O,2mm  in diameter  and  was  arranged  in a  edrele
inside the wall. The  dischar'ge tube  had  an  end

window  to obsewe  t･he intensity of radiation  and

its radial  distribution in the positive  eolurr}n.  They
are  also  shown  in Fig. 1(a). The  diseharge  tube
was  pumped  to 10-' Torr  by  means  of  an  oil  diffu-
sion  pump  with  Iiquid N2  trap, and  adsorbed  gases
in the wall  and  electrodes  were  removed  after

baking proeess. Gas used  for measuremene  was

neon,  and  its purity was  99.99%.  The  diseharge
eurrent  Ib was  20-60  mA  and  the gas pressure p was

varied  from 1.5 to 10.0Torr.  The  magnetie  field
B  was  provided  with  the magnetie  poles of  140 mm
× 140mm.  It was  app]ied  peirpendieularly to the
axis  of  a  positive colurnn.  The magnetic  field was
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changed  from  O to 1,OOO Gauss.  The  intensity of

radiation  and  its radial  distribution in the positive

eolumn  was  o/bserved  from the end  window of  the

dischar'ge tube. The  radiation  light from  the posi-
tive eolurnn  is guided  to the monoeromedeer  by  a

glass fiber seope  and  then  is aecepted  by  a  photo-
multiplier.  The  output  voltage  of  the photomulti-
plier is measured  by  a  high  gain  valve  voltmeter.

The fiber seope  is 1,O mm  in diameter  and  is movable

in radial  direction of the positive column.

  The eleetron  temperature was  measured  by the
floating double probe  method  by  DoteiO' which  was

modified  from  the equivalent  resistance  method  by

Johnson  and  Malterii'. This  method  is applical)le

to the case  of a  weak  magnetic  field when  the
Larmor  r'adii  of electrons  are  larger than  the probe
radius  and  also  Debye  lengthi:'-t"'. This  condition

was  satisfied  in al1 the present diseharge plasma
and  thus the eleetron  temperature  was  obtained

from the method  of  the solution  of  zero  magnetic

field. The  current-voltage  charaK]teristies  of  the

double probe  measurement  were  displayed on  the

X-Y  recrder.

  The axial  eleatric  field of  the positive  eolumn  was

obtained  from  the fioating potential differ'ence be-

t-ween two  cylindrieaJ  probes. This potential dif-

ference eorresponds  to the spaee  potential ene  in

the plasrna- because of  the axial  uniformity  o £ the
positive  eolumn  which  has been  experirnentally  eon-

firTned during  every  measurement  of the plasma

parameters.  One  of  the factorg which  cause  the

inerease of  the plasma  parameters  alld  the intensity
of ra,diation  under  the infiuence of  the transverse

magnetic  field is considered  to be the inerease of

the wall  loss by  the magnetic  field. Therefore, it is
necessary  te measure  the wall  loss of  a  positive

eolurm,  in a  transverse magnetie  field. The  center  of

a  positive  colurrm,  howe･ve･r, is defieeted to one  side  of

the wall  and  thus t･he energy  loss･ of electrons  at  the

wall  increases on  this sidie  and  deereases on  the
opposite  side.  Therefore, the ring  pr'obe was  used

for the measurement  of the total wall  loss instead

of  the plane probe  whieh  is usually  used  for the

measurement  of' the wall  loss`4"i5'. Total wall  loss
was  a,ble  to ob/tain  from the electron  curTent  to the

ring  probe  at  the wall  potential,  whieh  was  measured

by the ion saturation  eurrent-  region  of the sing'Ie

probe  charaeteristic･s when  the eat,hode  pote/ntial was

standarctiO.

3.  Experimental  results

 3.1 The:intensity  and  its radial
      distribution  of  radiation

  The radial  distribution of  the intensity of  the
radiation  in a  positive eolumn  for different trans-

verse  magnetie  fields is shown  in Fig. 2 when  the

diseharge eurrent  is 60mA  anct  the gas pressure
is 2.0 Torr. It is evident  that the radial  distribu-
tion intensity is defieeted by the transverse magnetic
field and  the maximum  intensity of  radiation  is

increased with  the transverse maglletie  field. The

defieetion of  the eenter  of  the intensity when  the
magnetic  field is zero  is eaused  by  the influenee of

the radiation  parts  of  the posit･ive eolumll  where

branch to the anode  is fitted up  perpendicularly to

the axes  of  the positive eolumn  and  the magnetie

field as  shown  in F'ig. 1. The  radial  distribution of

the intensity of  radiation  for･ different gas  pressures
is shown  in Fig. 3 when  the magnetic  field is 800

Gau$s. From  the figure, we  find that the distribu-

tion of  intensity of radiation  is defieeted and  the

maximum  value  of  its intensity is inereased under
the infiuence ef  the ma,gnetic  field as the･ gas

pressure  decreases.

/
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 3.2  Electron  temperature

 The  variation  of  eleetron  temperature  Te against

different va]ues  of  t･he transverse  magnetic  field,
when  a  discharge eunrent  was  30  mA,,  was  plotted
as  a  funetion of  the product of  the gas  pressur'e
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Fig. 5 Elestron temPerature  dopence  on van'ous

    gas  Pressure as  a  fisnction of the

    transverse mqgnetic  field field of 30  mA

    in the discharge current.

p  and  the tube radius  R  as  shown  in Fig. 4. The
common  trend of  the curves  in that af'ter  the slow

increase fr'om the lower ]imiting value,  the electron

temperature  tends to increase steeply  as the product
decreases. In Fig. 5, the variation  of  the electron

temperature  against  differe･nt values  of  the gas

pre$sure  at  the discharge eurrent  of 30mA  was

plotted as a  function of  the transve･rse magnetic

field. We  find in this figure that the eleetron
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temperature  rises  monotonically  with  the inerease
of  the transverse magnetie  field and  that this effeet

is more  r'emarka,ble  in lower gas  pressure. From
the experimental  Tesults  of  eleetron  temperature

when  the disehaT'ge eurrellt  was  changed,  it･ was

found that the eleetron  temperature  was  nearly

independent of the diseharge curr'ent.

 3.3  AxiaM  electrie  field

 The ratio  of  the  axial  electrie  field Es to g'as

pressure  p  at  a  discharge eurrent  of  30mA  was

plotted for various  transve･rse magnetic  fields as

a  function of the product  p/R as  shown  in Fig. 6.
In Fi･g. 7, the variation  of the ratio  of  the axial

eleetric  field to the gas  pressure  for various  gas

pressures is plotted as  a  funetion of the tr'ansverse
magnetie  field. From  the figures, it is evident  that
the  ratio  of  the axial  electrie field to the ga-s pressure
is also  inerreased as  the transverse magnetic  field
does, and  that its effect  is also  remarkable  at  lower
gas  pressure.  In Fig. 8, the variations  of  the axial

electric  field to the gas pressure  with  a  disehar'ge

current  is plotted as  a  funetion of  the tramsverse
magnetic  field. It is found  that the rat･io  of  the

axial  electric  field to the gas  pressure  is also  nearly

independent  ef  the diseharge current.

4

3

/ltpTE

 2;(ctWN

1

r)

  o -" -

  o 2oe  4oo 6oo  soo  looo

          B{Gauss)

Fig. 7 Axial electric  field dmpendence  for
     various  gas Pressure as  a  fisnctt'on
     of the transverse magnetic  field of
     3omA  in the discharge current,

i

TteTE

 o>

 aXNw

4

3

2

1

r
-T--r

    t
         Ne ga$
         Ib=30mA

B[Gauss)eO.

 200a
 400.
 600.
 800.
 1000

g"
×rs>iit)xt..",x...-{

3L-ega7

 1 p=3,O  forr

-2TteTEo>QlNmu

o

'rner

:

A}

1

- -LL  ---
O 200 400 600 800  1000

        BCGauss)

  Axial  electrical  fieid dePendenee for
  various  discharge current  as  a

  fasnstion of the transverse magnetic

  field of 3.0 Torr  in in the gas
  Pressure,L

  o
   O2468  10

          pR[forFcrn)

Fig. 6 Axi'al electrt'c field dopendence on

     the tra"sverse magnetic  field as

     a  juntion of the product of the gas

     pressttre and  the tube radius  for
     neon  of 3emA  in the discharge

     ct(rrent.

Fig. 8

 3.4  The  total  wa(t  loss  ot  electrons

 In Fig. 9, the examples  of the voltage-current

c'haracteristics,  when  the ring  probe  is used  as

a  single  prebe, is shown  at  the gas  pressure  of  2.5

Torr with  a  diseharge current  of  30 mA  for' various
transverse magnetic  fields. In this figure, the

volta･ge, when  the probe  current  is zero,  is equivalent

to the wall  potential Vw. Therofore, the value  Ie
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of  the ion saturation  eurrent  when  the eurve  is
extraperated  to the wall  potent･ial is equal  to that
of both an  ion eumrent  and  an  electr'on current

flowing to the ring  probe.  Beeause  the e]eetron

current  fiowing to the probe  is proportional  to the
energy  loss of  electrons  bo the wall,  the total wall

Ioss can  be measured  by  the ring  probe. In Fig. 10,
the variation  of  the eleetron  current  at  the wall

petential  with  different gas pressure is shown  as  a
function of the transverse magnetie  field. From
the results  the wall  Iess inereases as  the transverse
rnagnetie  field does and  its effeet  grows  notieeably

with  the decrease of  the gas pressure.

  4.  Discussion

  When  a  steady  uniform  positive column  of  a  low
pressure discharge is applied  by a  transverse mag-

J. Light & Vis.Env,

 netic  field, the eharged  particles  drift across  magnet-

 ie,lines of foree in eyeloidal  motion  among  their eol-

 lisions with  gas atoms.  This inereases the fiew of

 eieetrons  in one  side  of the wa!1  alld  deereases the

 fiow of  them in the opposite  side, however,  the
 increase of the fiew in one  side  of  the wall  exeeeds

 that in the opposite  side. Therefore, the total fiow
 of  eleatrons  to the wall  increases as  the transverse

 magnetie  field does. The eleetrons  to the wall  Iose
 their energy  by the reeombination  with  ions on  the

 wall. As a  result,  the total wall  loss inereases as
 the transverse magnetic  field does as･ shown  in
 Fig. 10.

   Aeeording  to the ambipolar  dffusion  theory  by

 Sehottkyi7', the number  of  eleetrons  flowing to the
 wall  in a  unit  length of  the positive column  is
 balanced  with  that of  eleetrons  ereated  in the

 volume  of  the eolumn.  Therefore, the inerease of

 the wall  loss of  eleetrons  is supplied  by the inerease
 of  the creation  by the ionization of gas atoms.

 The  ionization of  gas atoms  is due to the collisions
 by the electrons  of  higher  energy  than  the ioni-

 zation  potential, and  assuming  that the eleetron

 energy  distribution is Maxwellian,  the number  of

 electrons  in sueh  a  state  is proportional to the

 electron  teniperature. Thus  the creation  of  eleetrons

in a  positive co]umn  is monotonically  increased with
the incTease of  the electron  temperature.  As a

result,  the eleetron  temperature increases as  the
transverse magnetie  field does. Sueh an  effect  is
strengthened  in lower  gas  pressure  because  of  the
great amount  of  electron  diffusion flowing to the
tube wall,

  The  axial  eleetric  field of  a  positive column  is
deTived from the power  balance equation  that the
energy  gain  of  electrens  from the field loalanees
with  its energy  losses by the diffusion of e]eetrons
to the wa]1  and  by  the collision  of eleetrons  with
neutral  gas atomsiS'.  The  energy  loss of  electrons

by the collision increases with the rise  of  electron

ternperature because  inelastic collisions  eonsiderably

inerease with  the rise  of electron  temperature. The
eellision  loss also  increase with  the rise  of  the
transverse magnetie  field. These  inereases of  the
wall  ]oss, the electron  temperature  and  the co]lision
loss eause  the axial  electrie  field to rise  in the power
balance equation  in a  positive eolurrm.  Moreover,
the cycloidal  motion  of  electrons  in a  magnetic  field
decreases the axial  mobility  of  eleetrons  in a  post-
tive eolumn.  This  effect  also  acts  as  a  faetor to
raise  the･ axial  electric  field. In Iower gas pressure,
the axial  eleetric  field increases notieeably  because
sueh  plasma  parameters  are  very  effectively  in-
fiuenced with  the magnetie  field owing  to the Iong
mean  free patti of eleetrons  in cyeloidal  motion.

  The total intensity of  radiation  frorn the positive
column  is proportional to t･he total numb/er  of  the
exeited  gas atoms  whieh  transfer fTom  the upper
excited  ]eve] to the lower excited  one.  T'he most  of

the excited  gas  atoms  depend on  the exeitation  from
the ground  sta.te  gas atoms.  The  excitation  oeeurs

at  the eollisions  between the ground  state  g'as atom
and  the eleetrons  of  higher  energy  than  the axcited
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energy  1ovel. The number  of  electrons  of higher
energy  ar'e  proportiollal to the electron  density qnd
eleetron  temperature. Since the electron  tempera-

ture is uniform  in a  positive column,  the number
of  excitation  is mainly  pToprtional to the electron
density. As  a  r'esult,  the intensity of radiation  is

propertional to the electron  density. As  is derived

by Beekman`',  the electron  density is deflected by
the infiuenee of  the transverse magnetie  field and

thus the inte･nsity of radiation  is also  defiected by
the transverse  magnetic  field.
  On  the other  hand, the discharge current  of  a

positive column  is propoitional to the produet  of

the axial  drift velocity  of eleetrons  and  the number
of  eleeinrons  in a  positive colurrin. Since the axial

drift veloeity  is decreased with  the iner'ease of  the

transverse rnagnetic  field under  the influenee of  the

cycloidal  motion  of eleetrons,  the number  of  elec-

trons inereases as the transverse rruignetic  field
does. Theretore, the intensity' of  radiation  eon-

siderably  iner'eases as  the transverse magnetic  field

does.

  S. Conclusion
  It can  be  eoneluded  that the eleetron  temperat･ure,
the axial  eleetric  field and  the intensity of radiation

in the positive eolumn  are  inereased with the in-

erease  of  the transverse magnet･ic  field. The dis-

tribution of  the radiation  intensity is a]so  defieeted

by the transverse magnetic  field. It was  found  to

be  clear  that these effects  ar'e more  remarkable  at

lower  gas  pressur'e  and  that the plasma  parameters

are  nearly  indepelldent of  tho discharge eurrent.

These phenomena  are  qualitatively understood  by

the inerease of  the wall  loss under  the infiuenee of

the transverse magnetie  field. The  deflection of  the

center  of the radiiation  intensity are  explainect  by

the defleetion of  the electron  density in a  transverse

magneticfield.
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