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Radial profiles of plasma density and electron 
temperature have been measured by a fast-scanning 
probe (FSP) system with various neutral pressures in the 
MAP-II linear devices for the divertor 
simulation. The probe system is made of three probe tips, 
two of which is for a Mach probe consisting of two 
opposite-directional probes, and one is for an emissive 
probe installed on the pneumatically driven fast-scanning 
system with stroke of 30 cm. In MAP-II, density at the 
center has been varied from 1.5 × 1013 cm 3 to 0.7 × 1013

cm 3 with pressures of 5.5 to 112 mtorr, while that of 
DiPS varied from 3.5 × 1012 cm 3 to 9 × 1012 cm 3 with 
pressures of 0.8 to 50 mtorr. Relation of density profile 
with the working pressure/magnetic field is analyzed by 
using a simple fluid model. Electron temperature at the 
center is also measured by the Thomson scattering 
method and compared with those of FSP, which is varied 
from 0.6 to 6.5 eV  

I. INTRODUCTION 
 Although basic plasma physics experiments in 

linear machines such as Material and Plasma (MAP)-II2,
Divertor Plasma Simulator (DiPS)3, and other devices in 
the references therein, aimed at analyzing the magnetized 
presheath region of simulated tokamak edge plasmas, and 
have shifted toward the test of materials relevant to large 
fusion devices, they can still perform physics experiment 
related dust, radiation cooling and other atomic processes. 
Recombination processes in the fusion edge plasmas to 
achieve a detached plasma becomes a very promising 
scenario for the reduction of particle and heat fluxes onto 
the divertor targets. The goal of this paper is to analyze 
the effect of recombination on the density profiles of un-
magnetized and magnetized plasmas in MAP- II and DiPS 
linear devices.  

II. EXPERIMENTAL SETUP 
 MAP-II device2 generates plasmas by an arc 

discharge between a flat LaBB6 cathode disk (diameter 30 
mm) and an anode pipe in the source region. The density 
of the plasmas in the first chamber (source chamber) is 

relatively high (3 × 10 cm ), while that in the second 
chamber (target chamber) is lower (2 × 10 cm ) with B 
= 200 G. DiPS  is composed of three major parts: a 
divertor simulator with LaB6 DC plasma source 
(diameter=100 mm, magnetic field up to 2 kG, T

13 3

12 3

3

i = 0.2 ~ 
0.7 eV), a material processing simulator with helicon 
plasma source, and a space simulator without magnetic 
field. The typical electron temperature and density are 2 - 
3 eV and up to 10 cm  for an Ar plasma and 5 - 10 eV 
and up to 10 cm  for a He plasma. Various electric 
probes (single, emissive, Mach) are installed on the 
pneumatically driven fast-scanning probe systems, whose 
typical speed is about 1 m/sec. Figure 1 shows the 
schematic views of a fast-scanning probe system and 
probe geometries in un-magnetized plasma MAP-II 
(B=200 G,

14 3

13 3

i = 2.8(H) ~ 5.5(He) mm, ap = 1.4 mm, Pn = 5 
~ 150 mtorr) and magnetized plasma at DiPS(B = 1.1 kG,

i  1.31(He) mm, ap = 3 mm, Pn = 0.8 ~ 50 mtorr). A 
Thomson scattering (TS)  system is installed on MAP-II 
having a lens with a focal length of 1 m, where a second 
harmonic Nd:YAG Laser (400-500 mJ / pulse @532 nm,
7 ns, 10 Hz) is used as the probe beam.  
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Fig. 1. Fast-scanning probe (FSP) system and Probe 
geometries for MAP-II and DiPS experiments. 

III. MODEL 
For the profiles of density in the linear devices, one 

may use an analytic solution in cylindrical geometry after 
separating the radial and axial components with classical 
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diffusion in low magnetic field as in the Q-machine5.
Since plasma is almost fully ionized in Q-machine, only 
recombination plays a role in shaping the density profile.  
However, plasmas in MAP-II and DiPS are partially 
ionized, so that ionization assumed to be incorporated into 
plasma source for the density profile, while recombination 
broadens the density profile.  Then one can obtain the 
following equation for axial variation of plasma density 
from steady-state continuity and momentum equation 
assuming quasi-neutrality: 

2( ) exp[ ( ) / 4 ],cn z m Sn z T     (1) 
where S, nc, m, T are effective volume recombination 
rate(< v >rec), approximate electron emission rate at 
LaB6 surface, ion mass and plasma temperature, 
respectively. Assuming the uniform plasma source profile, 
the overall ambipolar diffusion and radial classical 
diffusion, the radial density profile in the cylindrical 
plasma has the form of 

2 2
1 0 0( ) ( ) / ( ), (0 )N s n s n b cI s s s1

2

       (2) 
2 2

2 0 0 0 1( ) ( ) / ( ) ( ), ( )N s n s n dI s eK s s s s  (3) 
where  b, c ,d, e are constants to be determined by the 
boundary conditions ( 1 1 1(0) 1, ( )N N s 2 1( ),N s

2 2( ) 0N s , 1s  = normalized source radius, 2s =
normalized wall radius),  s = r/Ro, no density at r = 0, and 
the relaxation length .R T  Here I2 1/ 2

0 0( / )B S o, Ko, , Bo

are the zeroth order modified Bessel functions of the first 
and second kind, resistivity, external magnetic field, 
respectively, and the radial diffusion would be assumed to 
be classical to fit the radial profile in terms of 
recombination rate (S). 

IV. RESULT AND ANALYSIS 
 Figure 2 shows the variations of plasma density 
and electron temperature measured by a single probe 
comparing with those by Thomson scattering. Both 
electron temperature and plasma density measured by 
electric probe seem to agree well with those by Thomson 
scattering within experimental error. Electron 
temperatures deduced from the floating and plasma 
potentials measured by an emissive probe are also added, 
and they are smaller than those by electric probe and 
Thomson scattering methods. From the MAP-II data, 
consider the ionizing case (mode 0) at the center (Z = 1 
and Ti  Tn = 0.1Te are assumed): B = 200 gauss, a = 1.35 
× 10 3 m, Pn  = 5.5 mTorr, Te = 6 eV, n  = 1.5 × 1019 m 3,
then the normalized ionization and recombination rates 
are calculated 1 = 2.2×10 4 and 1 = 1.7×10 7, where 

1 /ion n sv Zan C  and 1 /rec n sv Zan C . Then the 
recombining case (mode 4) at the center (Z = 1 and Ti
Tn = 0.1Te are assumed): B = 200 gauss, Pn = 112 mTorr, 
Te = 1 eV, n  = 7 × 1018 m 3, then 1 = 6 × 10 8 and 1 = 2 
× 10 6. In DiPS device, we obtain the data for the 
following pressure modes: Pn = 0.8 (mode 1), 4.8 (mode 

2), 27 (mode 3), and 53 (mode 4) mTorr. For the reaction 
rates in DiPS, they are increased by a factor of L/a, which 
is ~ 10 for the following conditions: BBo = 1100 G, ne = 3.5 
× 10 cm , T12 3

e = 8.5 eV (mode 1), ne = 9 × 10 cm , T12 3
e = 

3 eV (mode 4). Then 2 and 2 are for modes (1, 4) are 
(0.3, 0.3), (7 × 10 , 2 × 10 ) and (2 × 10 , 2 × 10 ), 
respectively, where

3 3 9 6

2 1( / ) L a and 2 1( / )L a .
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Fig. 2. Measurement of Plasma Density & Electron 

temperature via single probe (SP), emissive probe (EP) 
and Thomson scattering (TS) at Ionizing Plasma (Pn = 5.5 

mtorr) (a) Plasma Density, (b) Electron Temperature. 

Figure 3 shows the variations of normalized plasma 
densities of MAP-II and DiPS. The peak density varies as 
1.8×1013 cm 3 ~ 4×1012 cm 3 with pressure. Decay of 
central density might be fitted into Eq. (1) as 

2 2 2
0 4 0 0 4 4/ exp[ ( / / ) / 4] 4,c pn n S T S T mn z

where zp is the position where the fast-scanning probe is 
inserted (  25cm), 0 and 4 indicate the normal mode 
(mode 0) and mode 4. Here Te, Ti, n , nn of two modes 
are given as (6, 1 eV), (0.6, 0.1 eV), (1.5 × 1013, 3.7×1012
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cm 3), (7.7×1012 cm 3, 6.2×1013 cm 3). Here the density of 
electrons emitted from the surface of LaB6 nc is assumed 
as  1016 ~ 1017cm 3, which is the source of plasma 
generation similar to the input neutral in Q-machine. 
From the normalized profiles, we can calculate the e-
folding lengths (re) approximately as 23(mode 0), 
25(mode 1), 30 (mode 2), 44 (mode 3), and 48 mm (mode 
4), which are inversely dependent upon the relaxation 
length ( ) in Eq. (2). Since ,
R

2 1/ 2
0 0( / )R T B 3/ 2

eT

0  for fixed B1/ 2 1/ 4T B0. Because R0 is the relaxation 
length of  N(  ), it would be better use r2 2

0/n n e (4)/ re (0) 
=

0 0(0) / (4)R R . From given experimental data, re (4)/ re

(0) is 48/23=2.09 and 
0 0(4) / (0)R R  is as 1.36, and there 

seems to be a large difference. However, if we take the 
humped profile of mode 4 into consideration, the ratio of 
re becomes 1.43, which is close to the inverse of 
relaxation length. Radial density profile becomes broader 
with neutral pressure, indicating that the recombination 
makes the profile broader, or ionization does the profile 
steeper, which is consistent with the simple planar 
diffusion model . The humped profiles at higher pressures 
in both devices are due to increase of d (hence 
contribution of  Io) and decrease of e (Ko) from Eq. 2 
with recombination rate (S), which is shown in Fig. 4, and 
the following is assumed : R

6

0=15 mm (MAP-II), n0=1.5 x 
10 cm , = 1.2, 1.4, 1.6 and 16 (x 10 ), and plasma 
density at LaB6 surface by ionization due to thermal 
electrons=10 cm .
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Fig. 3. Normalized Radial Density Profile of MAP-II 
(Solid legends) and DiPS (Open legends). Plasma size (rs
(mm)) of MAP-II is 25 and for DiPS 15. (M=Magnetized, 

U=Unmagnetized, Mx= the xth mode) 

V. CONCLUSION 
 The overall change of density profile has been 

explained by a cylindrical two-dimensional fluid model 
with uniform source in terms of volume recombination. 
Recombination with neutral pressure affects the overall 
change of plasma density (n ) and electron temperature 
(Te): (i) to broaden the density profile and even to make a 
humped profile, and (ii) to decrease the electron 

temperature.  More realistic model required such as non-
separation of dependent variables and Gaussian source 
profile for the accurate fitting. 
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