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ABSTRACT
A theoretical upper limit for the density in an ohmically heated

tokamak discharge follows from the requirement that the ohmic heating

power deposited in the central current-carrying channel exceed the impurity -

radiative coocling in this critical region. A compact summary of our
results gives this 1imit n, for the central density as

n [ze/(ze-1)}1/2ne {BT/1TH1D'I/R) where n depends strongly on the

M o] 20

impurity species and 1is remarkably independent of the central electron

14

temperature T_{0). For P (D) ~ 1 keV, wa have n = 1.5 x 10 cm 3 for

ea
3 13

beryllium, n, =5 x 101 em3 for oxygen, Do = 1.0 x 10 cm_3 for iron, and

eo

Mo, = 0.5 x 1013cm-3 for tungsten. The results agree quantitativaly with

Murakami's original abservations. A similar density limit, known as the I/N

limit, exists for reversed-field pinch devices and this limit has also hean

evaluated for a variety of impurity species.
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1. INTRODUCTION

In 1976, Hurakami _eia_l.' reported that the maximmm electron density ﬁn
in an ohmically heated tokamak scaled as BT/R where BT denotes the toroidal
magnetic field and R the major radius. Murakami further noted that BT/R was
proportional to the central current density. Saveral papersz-s have
interpreted this limit as being caused by radiation from partially stripped
impurity ions at tne edge of the plasma where the local radiative cooling rate
is largest. These arguments necessarily involve the electron thermal
conductivity at the edge of the plasma = & quantity which is not well=known
either theoretically or experimentally. Thiz paper shows that a radiative
limiting density results from the simple criterion that the ohmic heating
powar deposited in the central current-carrying channel exceed the power
radiated within the channel by impurity ions. This criterion 1s andependent
of models for the electron thermal conductivity, and muat be obeyed by all
ohmically heated tokamaks.

The Murakami Aensity limit enters prominently into plans for the new
generation of large research tokamaks such as TFTR7 and JET.B Because BT/R ig
not large for these devices, the Murakami limit places important constrainta
on the achievable ohmic plasma densities in these machines. These ohmic
plasmas serve as targetas for auxiliary heating, and, in the final stages of a
tokanﬁk discha.ge when auxiliary heating has ceased, the Murakami limit also
governs the maximum dengity which allows a disruption-free discharge
termination.

The concept of a radiation limit to tokamak densities waa explored ip the
1976 paper of G.'Lbson.2 This work relied on empirical formulae to express the

magnitude and temperature dependence of erergy loss by radiating impurity

" ions. Since that time, Post 23}_.9 have derived expressions for the impurity



-3

radlative cooling rates using coronal equilibrium theory. The paper of Ashby
and Hughea4 used these expressions to obtain a formula for a denaity limit in
tokamaks. The Ashby-Hughez formula follows from the statement that the ohmic
heating power deposited in the central plasma must exceed the power radiated
by the plasma periphery. Clearly, all steady-state plasmas must satlsfy thia
condition, but the reepltinq formila for the density 1limit involves the
electron thermal conductivity in the plasma periphery which is not well-
known. Our arguments indicate that a tokamak discharge can often meet this
peripheral boundary condition via the freedom to adopt a particular central
electron temperature provided the electron thermal diffusivity in the edge

6 also

plasma remains below the Bohm value. Recant papers by Roberts
concentrate on the edge plasma and asgsume an empirical formula for the
electron thermal conductivity in the plasma periphery to estimate a density
limit.

The aim of this paper is to show that by focusing attenticn on the
central current-carrying portion of the discharge rather than the periphery,
one arrives at a useful and straightforward upper limit to the density in
ohmically heated tokamaks. The unknown electron thermal conductivity does nat
enter this arqument; only rather general and experimentally well=gsstablishad
properties of the shape o the electron temperature profile are used. Our
criterion is simply that ac more than 80% of the ohmic heating power deposited
within the central current-carrying channel {(defined by q < 2) can be radiated
within this channel by impurity ion cooling. For common impurity species,
this density limit is found to be insensitire ¢to the central electron
temperature T, for experimentally typical values. The density limit exhibits
a strony dependence on the impurity species. This simple density Llimit

applies to all chmically heated tokamak d&iascharges, regardleas of size or

o
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thermal conductivity physics. In particular, it will govern the density range
where large tokamaks such as TFTR and JET can opevate disruption-free without
auxi}iary heating.

.Reversed-field pinch devices also rely on ohmic heating to overccome
impurity radiation. A high density limit, known as the I/N limit, has been

10 The

identified and shown to agree with impurity radiation losses.
contribution of this paper is to evaluate a radiative I/N limit for a variety
of impurity elements.

Section 2 presents our principal arguments ard results. Application to

the /% limit of reversed-field pinches is presented in Sec. 3. The paper

concluies with a discussion.

2. TOKAMAK DENSITY LIMIT

The goal of this section is to derive a formula relating our limiting
central density in an ohmically heated tokamak to the expression for coronal
éguilibrium radiative cooling rates. ©Evaluation of these cooling rates for
many atomic species permits us to compute the limiting density as a function
of central electron temperature and impurity species. Because this limiting
density turng out to be remarkably independent of central temperature, we can
define & limiting density for each impurity species. It also becomes
independent of impurity concentration when the effective charge 2, >> 1.

The starting point for our calculations is an empirical model that
describes the central current-carrying portion of a tokamak discharge. Oour
model agsumes: (1) a Gaussian temperature profile, {2) g = 1 on the magnetic
axis, ({(3) a uniform ccncentration of impurity ions, (4) a single impurity
specles, and (5) a coronal equilibrium model for impurity ionization states

and radiation rates. Our limiting density then follows from the criterion




that the radiative losses cannot exceed 80% of the ohmic heating powexr input
within the q < 2 current-carrying channel where most of the ohmic heating
power is deposited.

A Gaussian temperature profile is quite representative of experimental
results in the central current~carrying portion of a tokamak discharqe-11'12
We shall use this model only in regions where q < 2 {i.e., where T'en‘o >
0.3). Consequently, our results will not be senca.ive to the rapid decrease
of the Gaussian at large radii. This rapid docrsase 3s an artifact of the
Gaussian functional form rather than of physics results. The statement that g
= 1 on the magnetic axis simply serves to relate the central current density
to the toroidal field and major radina. The assumption of a constant impurity
concentration across the plasma radius is consistent with experimental data
from typical plasma discharges13 and could follow from mixing by turbulent
# x 8 velocities of drift waves which transport various jonization stages
without regard for their charge state.

All tokamak discharges must supply a sufficient heat flux to the edge
region where atomic radiative cooling rates are the largest.dr? Since the
ohmic leating rate in the current-carrying channel varies as TO-J/Z: an
ohmically heated tokamak discharge may accommodate this demand by adopting a
particular value for Tye Iooking forward to our results, we will find them to
be insensitive to TQ, and hence unaffected by details of the edge power
demand. Our maximum density criterion simply requires that a modest fraction
(20%) of the g < 2 ohmic heating input be available to maintain the edge
plasma, and ia insensitive to choice of a smaller fraction.

The integrated heat output Q of an ohmically heated tokamak discharge can

be written as

———

7
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otr) = | 2nrtar’ [f’— - i ] (1
0
where
o=a 7?2, . (2)
2,2
- b
1=Te/'r°=e‘/ . (3)
(213/2 tr )%
o =vy.2(% . ()
[+ E g ml/zez(lnh)
Z =14+ g <z (5
e n ) )

Here n denotes the central electron density, o the relative concentration of
impurity ions, and the subscript o stands for values at the plasma center, A
multi-ionization state reformilation of the average-atom calculations of Post
et al.9 18 ugsed for the coronal equilibrium cooling rate L{T) and the mean

sgquare charge state <22>. These results differ slightly from those tabulated

in Ref. 9 as a result of improved energy level screening constants14 and other
modifications. Since this work is concerned with the central regions of a
tokamak discharge where the densi:y profile is flat, we shall ignore any
difference between the central and local electa densities.

.15 In our work, we shall

The factor Y is tabulated in Spitzer's b. ¢
congsider two limits. In the first limit, the impurity concentrations are
sufficiently large so that 2, >> 1 and yp = 1.00. In the second case, the
impurities are dilute sc that 2, = 1 and y; =0.582. In both cases, yg will be

congtant across the discharge. Interpolation for intermediate casges is

straightforward.
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In a steady=-state tokamak discharge, the current density profile depends

on the conductivity and can be written as

2
3/2 1+n<2 )0

14m¢2%>

where the central current density j, followa from the fact that q = 1 on the

magnetic axis
i = be(2mR) ]
g ™ B R .

The Gau:sslan temperature profile enables us to eliminate the radius in
favor of the temperature as the independent variable in the integral (1) for

the heat flux.

2
] b 1 1+n<2 > L{z'T )
2 ]
T ) = Z_ (+nez®> ) | g [1.3/2(_..__2..3_] - A E("T_OJ (7
o 7 14n<z®> Fco
o

We introduce here the parameters T and A related by:

T Z P |
14z € €
3/2 Qo 2 (8)
2
¢ ¢ ez, ¢ 372 2—°-— Z o 1
Tc [+] <Z >

while A, in terms of the density is given by

2 ) 2 3/2_3/2
n g L(Tcio)(ZnR) e 2(2/q) Teo

7. . 172 2 . )

Ay = 2 2
By o (149<Z7> Jm™" “e” (gnA)

c

When expression (6} and (9) for A_ are eguated, the local ohmic heating input

n
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just balances radiative logges at a temperature T = Tyt
Let us define g as the fraction the ohmic heating power input into the

region where Te/Teo > ¢ which is radiated from impurities within this region.

s

T 1 .
L L]
— dz' L{g'To) z, w1 (10)

E;Toftc) = J

1/2 e (11)

The value of 1 remains to be specified.

The integrals in Egs. {10} and (11) run over the central current-carrying
portion of a tokamak discharge. We shall define this to be the region where 1
£ g9 £ 2. A posteriori, we will investigate the sensitivity of the limiting
density to this definition. ‘hus, the limit of integration ¢ is defined by q

= 2. The relationship between g and <t can be easily expressed by use of (3}

2
L A n(1/7)
2 ol 1 14y 22>
2R 2rad 1/2
W3EE g ——2—) . (12)
c T t+n <2 >1'T

o

Qur two limiting cases yield the simple formulas
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r 3gn(1/7)
2“-“3/2) Ty ™ 1 (13)
AT, ) = <
wm{1/7)
1 >
I ag ey /2 o g, >> 1 . (14)
1t <Z )‘F'To

The equation Ql(T,.1) = 2 detexrmines the limit of integration < in (10} and
(11). when 2, = 1, this limit is ¢ =0.346. Lastly, T is determined by the

condition that
g(To,tc) = 0.8 . (15)

The limiting density n, is obtained from Tt and T, by equating expreasiona (8)

and (9).
BTcem1/4( AnA) 1/2 1/2
nc(To) = ) (HF) {16)
where 2
{<22> 1 < 3/2ﬂ3/2
BT rt) = 553 3/3 - 2
o’ ¢
2
To L(tcTo) <7 >1-'c'1'° (17)

and
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1 Ze > 1 {18a)
F= J
<Zz)
TcTo
W Ze w1 N (189b)
L =} YE“

Equation (18a) expreases the fact that the limiting density is independent of
impurity concentration when ze >> 1. Physically, this occurs because both the
impurity radiation and the plasma resistivity (through 2,} are Llinearly
pronortional to the impurity concentration.

It remains to express the impurity concentration which enters Eg. (18b)
in terms of 2, for discharges in which %o is close to unity. Tie standard

experimental determination 2,  assumes that Z, is uniform throughout the
~.
plasma .vcss section, and that the current density scales as 1;-3/2. Under

these assumptions, the formula for the plasma resistance Rpx is

2R v
Rpx = zex 1 = I_ (19
2 1/2
ab’[ 1 P, P
[:]
Ta

where Ty < e-.az/b2 is the value of ¢ at the plasma purface. Here V denotes
the loop voltage, Ip the plasma current, and Zex the experimental value for Z,
determined by combining the experimental values of V, Ip’ and T_(r) according
to Egq. (19).

Our model asgumes that the impurity lon concentration, not 2, 1s uniform

throughoat the plasma cross section. The plasma current is then
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2.2 /24
I =3 (147 <2 >)p°p | T (20)
D o o

2
T, (14nez™>)
The loop voltage is evaluated on the magnatic auio by

1 2nR

v = {1+q <z2>o) . (21)

(=]

Combining Eqs. {19) = (21) vields the desired relarion Letween zex and ¢

7 =—2 (22)

2
+
1:a1 n<z >

When n 1s small, an accurate expression for n can be obtained from a Taylor

exgansion coupled with setting T, =0« The result is

Zex -1
n= S (23)
2
<z >
where
2 1 2
<z7> = [ dx <zZ7> 2/3 (24)
o x T
o
. 32
and the wvariable of integration x = ¢ . Expression (23), 1s then

substituted into (18b). We can combine (16}, (17}, (.sb), (23) and (24} into

a formula for the limiting denaity ng valid when ze ~ 1

1
BTce m1/4(2nA) 2 1 -
n {T)) = T (zex_1) H (25)
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where

£Z >
ii = . (26)
{0.582) 27720 /2 1
Q C Q

2 3/2 372
Ty B

We should keep 1n mind that To differs for the two cages, ze »>» 1 and ze ~ 1,
because of the different equationg {(11), (14}, and (15) versus (10), (13},
and (15)] used to determine Tt

We can rewrite our results for the limiting density n, as

BT 1m
fni(Teo)(ﬁ—)(R—] z, »> 1 ‘ (27a)
n (T } =
< €eg B
1 Tye1m
" T} Tz (R ) Zo = 1 (27b)
tzex-ﬂ

and use equations (16), (17), and (1Ba) to evaluate ny and (25) and (26} to
evaluéte n,.

Figures 1 and 2 are the principal results of this paper. They show the
limiting densities n, and ny evaluated numerically as a function of assumed
central temperature for > vzriety of common impurity species. It 1= thise
figures which demonstra.e that this limiting density is remarkally independent
of central electron temperature, particularly for expevimentally typical
values near T, ~ 1 keV.

¢

’ Sengitivity Studies. For an iron impurity, we have evaiuated the sensitivity

of our limiting densities to two of our assumptions: that the radius of the
current carrying chanmel is determined by @ = 2, and that ¢ =0.8 [See Eq.
(1%)}. PFigure 3 gives the limiting densities for varicus g and ¢ values. Thz

limiting densities are insensitive to modest changes in q and . Since

¥
H
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increasing q (the size of the current-carrying channel) decreases the limiting
density, the values computed for g = 2 represent an upper limit as deaired.
Other irpurity species are gimilarly insensitive.

Coronal equilibrium is not an eccurate model for the detailed ionization
gtate egquilibrium in a tokamak, lmpurity tranaport processes provide radial
fluxes of individual ionization states that can compete with the icnization

16

and recombination processes which gewvern coronal equilibrium. Charge

exchange with neutral hydrogen atoms alse alters the ionization

17

equilibrium. In both casea, the effect in the central plasma reglon is to

reduce the degree of ionization at a given temperatu-ea. Thie, 1in turn,

increases the impurity radiation rate, 17

thereby 1lowering the maximum
density. Therefore, the coronal equilibrium mcdel provides an upper limit to
the density, consistent with the obje;tives of thig paper. To Investigate
the sensitivity of the density limit to deviations from coronal ionization
equilibrium in a simple way, we have computed the limiting denlssity from a
model in which the voronal ionizatlion equiiibrium temperature Tq is lower than
the excitation temperature Te, = T used to compute the radiation rate of the
various ionization stages. Figure 4 shows the results for several impurity
elements when Tq = 0.8 Te' As expected, the limiting densities are lower, but
are A0%=-90% of the unshifted 'I‘q = T, coronal equilibrium model. As tokamak
devices become larger, the importance of transport process will decrease
relative te ‘onization end recombination and coronal ionization equilibrium
will be more accurate.

Let us summarize cur sensitivity studies. 1Increasing the current c¢hannel
size (i.e., 4 > 2) and altering the .onizatic: eguilibrium both reduce the

maximam density somewhat. Increasing ¢ to ¢ = 0.9 produced a negligible

increase in the maximum density. We can theréfore conclude that the maximum
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densities reported in Figa. 1 and 2 are indeed bonafide upper limits for the
central denagity of all ohmically heated tokamak discharges. To the extent
that the density limit is éetermined hy the radiative power balance, these
gensitivity studies show that these calculated limits should be meaningfully
clogse to those actually obtained in experiments. We note that our rxesults for
iron and other intermediate - 2 impurities agree well with Murakami's original
observations1, while our results for low-2 impuritiea such as oxygen are
somewhat higher.
Edge Radiaticon. The radiativs cooling rates for most impurities increase
towards the low charge states typically found in the cooler edge regions of
ohmically heated plasmas, and energy transport from the center of the plasma
must supply sufficient power to maintain this edge radiation. Previous
studies of the Murakami 1limit have concentrated on criteria which arise from
this relationship. 4-6 ye will consider the electron tner: al conductivity and
cooling in a Te ~ 100 eV rdge plasma to shcew that a tokamak can generally
adjust its central temperature to satisfy the edge radiation criterion
provided that the edge electron thermal diffusivity does not exceed the Bohm
value.

The paper of Rebut and Green® introduced a useful and informative methed
for analyzing the thermal balance of the edge plasma. A glab model is
perfectly satisfactory for the edge plasma so the steady-state electron

thermal heat conductivity eguation can be written as

d dTe 2
K e - anbiTy =0 . (28)

Rebu and Greene pointed out that by multiplying Eq. (28) by K(dTe/dxi, one

¢culd integrate Eq. (28) to obtain

"
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ar T
h2 = (¢ =2}2 = 2 [ nlne LemdaT + hz {29)
4]

d

where ha is the heat flux at the plasma boundary. On the right~hand side of
Eq. (29), the spatisl dependence of density and thermal conductivity.enter
implicity through the temperature profile.

Let us assume that the electron thermal diffusivity is bounded v the

Bohm value so that

cT
—_— . 30
kim (16e8) (20)
The heat flux out of the current-carrying channel mat then satisfy the
inegquality

T

2 1T~ P

s g f - Lrnar (31)
0

where h is an average density in the region where T L(T) has its maximum. The
intagral ng' L{T')dT' will be shown to be reasonably independent of our
chosen edge reglon defining temperature T ~ 100 eV. The value of the adage

density © is normalized to the central density by the definition

A=t (32)

where n, is given by (27a) evaluated at T, ~ 1 keV. One expects that A will
be a small number (i.e., A < 0.2). We note tha? the relative importance of
any edge radiating "shell”™ region is sensitively dependent on the plasma

density profile since radiative cooling is propoertional to [ne(r)]2 agssuming a

NN

p!

————

Iy
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constant impurity concentration.

The heat flux flowing out of the current-carrying channel is

322 1 &>
- I's
=L e A () arr 2 . (337
na a 4 o 2
(] 0 <Z7>

Becavse our interest centers on impure plagmas, formulas appropriate for the

ze >> 1 case have been used. The heat flux can be recast, with the help of

Egs. (2) through {5) 2nd {14), intc the form

Bicza n<z2>° m1/2e2(2nA) n3/2
h = {1 - g) { ) . (34)

2.2 372 5/2

R
8n qL TO 2
Inequality (31) can then be written as
5 5
2 B c3 a2 2 <32> e m(inh)z

{(1-e) T e Q > 1 (35)

3 2 4. 33 T .
i 256n qf R T, [nc fp T'LUT*)AT ]

where we nsed By, = rﬁzz>o. Apart from the magnetic field and major radius
scalings expr:ssed by (27a) the qguantity in the [ ] brackets is a property
solely of tne impurity species. Let us rewrite inegqualicy (35) in practical

units. The result is

2 2 2
(1-g)2 (Zea <z > (B /1T (R/1 m)
22

3
4 a4y,

7T > 200 (36)
ny fo T'L(T*rar’

102 erg3 om 8sec”

(T,/1 kev)*[

where Table 1 should 52 used to evaluate the { ] brackets.
Eviation (36) helps illuminate the behavior of the plasma ag the density
is raised and radiative losses begin to dominate the energy balance. It is

the ptrong variution of <Zz>°/Tg cver the range 100 eV < T, < 1 keV that
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enables a tokamak discharge te adopt a central electron temperature which

satisfies the edge heat flux inequality (36). If the central temperature is

forced to drop to an extremely low value before our critical density is
approached by the core, the edge region effectively dominates the plasma.
- Inequality (36) shows that this will tend to occur at low fields, in smaller
devices, and with flatter density profiles. For most tokamaks, the edge

radiation can be supported by modest adjusiments in T, thereby moving

conglderation of the critical power balance region to the core and the limits

r reported in Egqsa. (27a) and (27b). 1In all cases, this core-derived limit nmust

be satisfied by the plasma regardless of details of the core-edge relationship,

3. THE REVERSED-FIELD PINCH I/N LIMIT

Revergsed-field pinch experiments depend on ohmic heating to overcome

impurity radiation losses. A high denaity limit, known as the I/N limit, has }
been experimentally eatablished and found to agree with a zero-dimensional
criterion that the ohmic heating rate exceed the impurity radiation. The
review of Ortelani and Rostagni10 provides an excellent account of these
matters.
The objective of this section is to evaluate the I/N limit for variety of

i potential impurity elements to aid 1in the selection «f materials and in the
interpretation of experiments. For definiteness, we shall present a brief

1 derivation of our formula for the I/N limit.

The starting polnt is the well-known force-free egquilibrium for a

reversed-tield pinch which satisfies the equation

tx3=ab-i21 (37)
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where q is a constant. The solution is knowa to be
= +
B=8 (zJ (ar) + 82 (an)) (3g)

so that

acB
2 2,1/2
e T

In contrast to a tokamak where the current density is proportional to the
conductivity, the current density 1ln a reversed-field pinch is a prescribed

function of radius which satisfies the force-free equilibrium Eg. (37). The

Taylor minimum energy principle19 says that g must be a constant.

Tet us form the ratio I of the ohmic heating input to the radiative loss

rate

2 2 2
= jz = 3o o™y
alnp(r) L (1-(e2 /2t

. (40)

The spatial dependence of current density and plasma density are essentially

the same for a parabolic density profile

z
2 2.2 n 2
i _ 52 2 _xr _,_orx
2-(J°+J1)-1 el et (41)
3 a
<
2 2 2
n_ _ r 22 2r
7= -3 =1 -5 (42)
no a a

hecause ¢ = nola and N, = 2.8 - 3.0 for reversed-field plnch configurations.

Therefore the principal variation of ratio T with radius ariges from

-r

BRI |
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temperature variations which are not well-known. Our approach 15 to £ind the
temperature at which the ratioc £ is a minimum and relate that to the I/N

limit.

We can use Ampere's law to relate the central current denaity to the

total current

6 = o 71 43y

Substituting from (43} into (39), one finds that the central current density

takes the form

M
. - GI = I +] 4
o T 2m 3,(y) a2 (231(%;) (44)

The ratio T can then be expressed as

2 3/2 2 n
1° .x 1/2 2 <z o 2
== (m e (gnp) ){ ) ) {45)
2 ,5/2 Y EALEATY

N

where the line density N is

=]
]

W

(46)

and where the formalas (2) and (4) were used for the conductivity. BAgain, we

uge the 1limit Ze - 1 = n<zz> >> 1 appropriatc to plasmas with significant

impurity concentrations. In this limit, the ratio of ohmic heating power to

impurity radiation becomes independent of the impuri.y concentration as was

noted by Ortorlani and Rostagni-la Equation (45) cai be .ecast to express I/N

in terms of §

nr

e
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5—= (E)Vz ¥(T) (47)
where
3/2
W) = (T 12‘(1—1)1/2 72 0:32 - (48)
<Z°> m ' el(ilnj)

and where che value N = 2.9 was adopted to evaluate the numerical factors.
The purpose of our work is to ilnvestigate the I/N limit as a function of
temperature for various impurity species. Hence we muat compute the quantity
¥(T) versus temperature and Jdetermine 1its maximum value for each impurity
species. The appropriate numerical value of gnp is jnp = 12. The maximum
value of ¢(T) corresponds to the I/N limit for a reversed-field pinch. Figure
5 shows the results: Y(T} expressed in amps-m for a variety of impurity

elements.

4. DISCUSSION

Impurity radiation places an upper limit on the density of ohmically
heated tckamak discharges. Our key result is that radiation from the central
portion of the tokamak discharge determines this limit. The detailed behavior
which leads a radiation-dominated tokamak plasma to disruption at sgome
critical dJensity 1s beyond the scope of this paper. Our calculation has
ingtead examined the question of the ohmic heating/radlative cooling balance
in the critical current=carrying core region of the plasma, and thereby
arrives at a firm upper limit to tlLis disruption density. Consideration of
the core power balance is more stralghtforward and reliable than previoua

studies which focused on the edge region of the plasma. The relevance of our

-
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approach is confirmed by the fact that it yields limits sufficiently low as to
be of direct importance in the planning and analysis of typical tokamak
experiments.

our simple single-impurity-species approach shows the important variation
of the density limit as the impurity upecies is changed. EBjuations (27a) and
(27b) and Figs. 1 and 2 summarize the calculations. Moat real tokawmaks
contain mixtures of several impurity species. In this case, our limits will
fall between the corresponding curves. ,

The density limits of Figs. 1 and 2 represent bonafide theoretical upper
limits. Additional physics considerations such as increasing the central
region beyond the q = 2 surface (Fig. 3) or deviations from coronal ionization
equilibrium (Fig. 4) result in sSomewhat lower density limits. A3 true
constraints, the density limits apply to ohmically heated target plasmas and
discharge termination phases in future large plasma devices such as TFTR, JET,
or reactors. There are gquite evident advantages to eliminating all medium-
and high-Z impurity elements should high dengity target plasmas be desired.
Beryllium l:miters would permit a target plasma density in excess of 10'4cm-3
for many proposed devices if oxygen, etc. can be effectively removed as well.

Experimentally, tokamak density limitg have been found to depend on
discharge current as well as BT/R. The data are often &isplayed on "Hvgill

plots."zo

Our density 1limits do not depend on current and tiuerefore
correspond to the highest density liwit obgerved as the current is varied,
i.e., to the maximm wvalue of ﬁR/Bt as 1/qL is varied on a Hugill plot. The
broad maximum occurs near 9y, = 4. Indeed, tbis is where our approximations
should be the best. When g, = 4, the g = 2 gurtace is sufficiently within the

plasma so that the surface houndary condition shauld not alter the electron

temperature profile from the Gaussian form assumed. On the other hand, there
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is not a large plasma region outside the g = 2 gurface which must be
maintained by a heat flux from the central region. Quantitatively, our limit
agrees with results from DITE?‘0 given an oxygen impurity and an appraopriate
factor (e.g. 0.67) relating central and line ~ average density.

Let us note that densities n, and ny have close numerical values. As a

general guide, we can use the rough interpolation formula

n_ +n z B
_ 1 2 e 172 T, ,1m
ny = (3 ”ze-l] ) (49)

to express the limiting density si cinctly. The values quoted in the abstract

are baged on Eg. (49).

Radiation from the plasma periphery has been a principal feature in
previous treatments of tokamak density 1.i.mj.t:s.3-G Our arguments show that
peripheral impurily radiation per se often need not be considered in a global
radiative power balance derived densgity limit [see Inequality (36)]. On the
other hand, >.~ congequence of exceeding the density limit is to cool the
plasma periphery because the ratic of local ohmic heating input to radiative
cooling decreas2s outward in a tokamak. This decrease arises from two physics
processes which reinforce each other: higker rudiation rates at low
temperatures and smaller‘ohmic heating input because the current dengity 1is
proportional to the conductivity. Exceeding the density limit simply means
that no excess power is avallable from the plasma center to maintain the edge
piasma. As a result the current channnl shrinks and a disruption ensues.

The I/N limit in a reversed-field .inch is essentially the same limit as
the r;diative power balance limit in Lokamaks.‘o Our contribution is <o

evaluate this limit for many impyrity species. Figure 5 gives the results.

A3 reversed-field@ pinch devices ctucn tawards Inconel metallic liners, it ls
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clear that iron and nickel impurities will form a more formidable radiation
barrier in the range 100 eV < Te < 1 keV, than d4id oxygen near Te ~ 30 eV.
Beryllium is again a superior material.

Let ue conclude by observing that, while cur density limit exhibits the
BT/R ccaling observed by Hurnkami.1 the maltiplying factor 1is not universal
but has an important dependence on impurity species and concentration.
Reducing the impurity concentration obviously increases the dengity limit, but
the improvement is slow according to Eq. (27b). It 18 more effective to

eliminate high-2 impurity species by a {udiciocus choice of limiter material.
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TABLE I, VALUES FOR EDGE RADIATION CRITERION
3 T
n, ny | T'nL(D*)ar’ <z2
[+
Impurity
Element (10 Sem™2) T = 100 eV T = 200 eV T, =100 eV T = 1 kev
( errgacm- Gsec- ! )
Be 12.0 0.45 0.78 16 186
c 7.5 0.76 1.60 28 36
0 5.0 1.20 1.75 37 64
TL 1.2 0.45 0.90 116 380
Fe 0.9 0.28 0.95 9g 410
Mo 0.7 0.16 0.34 165 610
W 0.4 0.04 0.12 165 750
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FIGURE CAPTIONS

Central electron density n, to be used in BEq. (27a).

Central elec“ron density n, to be uged in Eq. (27b).

(a) Sengitivity of the density n, to changes in the current-channel
size (g-value) and to the value of ¢ for an iron impurity. Solid
curves are for ¢ = 0.8 and the dashed curves for ¢ = 0,9, (b)
Sensitivity of the density n, to changes in the current channel
slze (g~valne) and to the value of ¢ for an iron impurity. Solid

curves are for g = 0.8 and the dashed curves for ¢ = 0.9,

Sangitivity of the limiting density n, to deviations from coronal

equilibrium for wvarious impurity elements. 'I'q denotes the

temperature governing coronal lonization equilibrium and Tex = Te

the temperature governing radiation rates from a given jionization

equilibrium.

Zero~dimensional I/N iimit, W(T), for a reversed-field-pinch for a

variety of impurity elements.

i



-28-

T *bta

(AM) 3UNLYHIANIL NOYLD3T3 TVHINID

0!

50!

©

T T T 7 ¥ T

=]
=

ﬂ%
e

T

I

LELELIL N D B |

1

(<

%4

[ |

|<<37

—

) N
o o

g
Q

(¢_Wo) 'w ALISNIG NOY¥123T3 TWHINID

Lel 1 i 0

o)
w
o
—
m
@
*

o
Q



CENTRAL ELECTRON DENSITY n,{cm~)

o
(2]

S
4

L LU

=3
L

S
N

#83T0432

1

1

it 1 1 |

o

CENTRAL ELECTRON TEMPERATURE (keV)

10°

Fig. 2

-6 -



-30-
|Ol4 T T T T T TT] T T T ‘*;BIBTI(MP?
F (0] zem  Fe €20.9-——-
: §=2 2.5 3.0
St e e
sz — 1 1 [ L ! S A A
10" 10° 10’
y CENTRAL ELECTRON TEMPERATURE (keV)
IO [ T T T T T 1 T 11 T T T 1T T T 7T
(b) €=0.9 -
107
r .
l(fz . i I SR W B A I I ! 4 [ N
107" 10° 10’

CENTRAL ELECTRON TEMPERATURE ({keV)

Fig. 3



CENTRAL ELECTRON DENSITYn, (cm®)

=3
E

{

_
o

#83T70430

T 1 T 1

— Tq= Tex
——- Tq =0.8 Tex

O o B W |

=3
L

o
s

-
—
~—

L] 1)

o

Fig, 4

..'[E—



- #83T0461
ok

¥(T) AMPS-m
5—

IO'IS

| 0 100 1000
ELECTRON TEMPERATURE (eV)

Fig. 5

_ZE_



EXTERNAL DISYRIBUTION [N ADDITION TO TIC UC=20.

F'rsma Res Lab, Austrs Nat!l Ualv, AUSTRALIA

D, Frenk J, Paolonl, Unlv ot Wollongong, AUSTRAL [A
Prot, l.R. Jones, Flinders Unlv., AUSTRALIA

Prot, MJi, Brennan, Unfv Sydney, AUSTHRALIA

Prof. F. Cop, Inst Thea Phys, AUSTRIA

Prof, Fronk Verheest, Inst theoretische, BELGIWM
Or, D, Palumbo, Og XIt Fusion Prog, BELGItM

Ecole Royale Mitltalre, Lab de Phys Plasmas, BELGIWM
Dr, P,H, Sakanska, Unlv Cstadual, BRAZIL

Dr. C,R, James, Unly of Alberta, CANADA

Prof, J, Telchmenn, Univ of Montraal, CANADA

Dr, kM. Skarsgord, Unlv of Saskatchewan, CANADA
Prot. 5.R. Sreenivasan, University of Calgary, CANADA
Prot, Tudor W. Johnston, INRS=Ensrgie, CANADA

Dr, Honnes Barnard, Unlv British Columbla, CANADA
Dr. M,P, Bachynskl, WPB Technologles, Inc,, CANADA
Zhengwy L1, 5W Inst Physies, CHINA

Library, Tsing Hua University, CHINA

Librarian, Institute of Physics, CHINA

inst Piasms Phys, Acadamla Sinics, CHIRA

Dr, Peter Luksc, Komonskeho Univ, CZECHOSLOVAKIA
The Librarien, Culham Laboratory, EHGLAND

Prof, Schatzman, Observatelre de Mice, FRANCE

J, Radet, CEN=BP6, FRANCE

AM Dupas LIbrary, AM Dupas Library, FRANCE

Dr. Tom Musa!, Academy Bfbllagraphic, HONG KONG
Praprint Library, Cent Res tnst Phys, HUNGARY

Or, $,K. Trehan, Panjeb Unlversity, INDIA

Dr, tndre, NMohan Lai Das, Banaras Hindu Unfv, INDIA
Or, L.,K. Chavda, Scuth Gujarat Unly, INDIA

Dr. R.K. Chhajlani, Var Ruchl Marg, INDIA

P, Kaw, Physical Research Lab, INDIA

Dr, Phllllp Rosenau, lsrael Inst Tech, |SRAEL
Prot, 5. Cuperman, Tel Aviv Unlverslity, ISRAEL
Prot. G. Rostegni, Univ DI Padova, ITALY
Librarien, Int') Ctr Theo Phys, ITALY

Miss Clnlla Do Polo, Assoc ELRATOM=CNEN, ITALY
Blbliotecs, del CNR EURATOM, ITALY

Dr, H, Yomato, Toshibs Res & Dav, JAPAR

Prof, M. Yoshlkewa, JAERI, Tokal Rss Est, JAPAN
Prof, T. Uchicn, University of Tokyo, JAPAN
Research Into Center, Nagoyas Unlversity, JAPAN
Prot, Kyo|l Nishikews, Unlv of Hireshims, JAPAN
Prot, Sigeru Mor), JAER], JAPAR

Library, Kyoto Unlversity, JAPAN

Prot, lchiro Kauskeml, Niton Univ, JAPAN

Prot, Satoshi itoh, Kyushu University, JAPAN

Tech info Divislon, Kores Atomic Energy, KORZA

Dr. R. England, Clvded Universitaris, MEXICO
Bibllotheek, Fom=inst Yoor Plasma, NETHERLANDS
Prot, B,S. Litey, University of walkato, NEW ZEALAND
Dr, Suresh G, Sharma, Unlv of Calabar, NIGERIA

Prof. J.A.C. Cabral, Inst Superior Teeh, FORTUGAL
Dr, Octevian Patrus, ALl CWRA University, ROMANIA
Prof, M.A, Hallberg, Unlversity of fistat, SO AFRICA
Dr, Johan de Villlers, Atomic Energy Bd, SO AFRICA
Fusion Dlv, Library, JEN, SPAIN

Prot, Hans Wilhelis>n, Chalmers Univ Tech, SWEDEN
Or, Lennart Stenfle, University ot UMEA, SWEDEW
Library, Royal inst Tech, SWEDEZH

br, Ecik T, Karlson, Uppsala Universltet, SWEDEN
Centre ve Rechsrchessn, Ecole Polytech Fed, SwiTZERLAND
Dr, W,L, Welse, Kat'| Bur Stand, USA

br. WM, Stecey, Georg Inst Tech, USA

Dr, 5.T. Wu, Univ Alsbamy, USA

Prot, Normen L, Dleson, Unlv S Florlde, USA

Dr, Bsnjamin Ma, lowe State Univ, USA

Prot, Magne Kristlansen, Texas Tech Unlv, USA

Dr. Raymond Askew, Auburn Univ, USA

Dr. ¥.T. Tolcx, Kharkov Phys Tech Ins, USSR

Pr, DD, Ryutov, Slberlen Acad Sci, USSR

Dr. 8.A, Eliseey, Kurchetov Insritute, USSR

Or, ¥Y.A, Giukhlkh, Inst ElsctroPhysical, USSR
Institute Gen, Physics, USSR

Prof, T,J, Boyd, Univ College N Wsles, WALES

Or. K. Schindler, Ruhr Universitat, W, GERMANY
Nuclear Res Estab, Julich Ltg, W, GERMANY
Librarion, Meax-Planck lnstitut, W, GERMAMY

Dr. H,J, Keappler, University Stuttgart, W, GERMANY
Bibllothek, inst Plasmatorscaung, W, GEFMANY

24



