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t Jet and operated up to the design specification of 3 MW coupled in the Torus for 1
econd. After a brief description of the system, the experimental results of wave
oupling to the plasma and matching the plasma loaded antenna arge discussed., The first
eating results are presented concentrating on the analysis of a case where the total power
: o the plesma increases by a ratio of 2.5. The main results are: a peak power deposition
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uccessful attempts to heat magnetically confined plasmas using waves in the ion cyclotron
ange of frequencies (ICRF) can be traced back as early as 1960 (Stix), The complexity

f the physical processes involved in the method rapidly appeared greater than expected
ind triggered research broadly divided into three domains:

Shah, H.M., D.S. Hall, and C.P. Chaloner (1985). The Electron Expsi
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The near field problem which opems the way to the understanding of antenna
plasma coupling and edge effects,

The propagation towards the intended heating region which is a key to the
description of the power deposition profile,

The damping regions normally identified by a combination of processesg: ion
cyclotron resonance, wave mode conversion and electron damping {(TTMP or Landau
damping).

Ward, A.K., D.A. Bryant, T. Edwavds, D.J. Parker, A. 0'Bea, T.J. P
P.H. Sheather, K.P. Barnsdale, and A.M. Cruise (1985). The AMPTE
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rogress in these subjects has been clesely associated with the development of the relimhle

nd well diagnosed piasma offered by the tokamaks. The characteristics of propagation

n the form of the fast magnetosonic wave was well identified in the ST tokamak (J Adam, 3
975) where sharp toroidal resonances were first observed at the expected plasma density. B
he paramount importance of the role played by minority ion species in the vicinity of

heir fundamental resonance was recognised shorily afterwards {Vdovine, 1976; Jacquinot,

977) and opened the way to well defined heating conditions where a small amount of either
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hydrogen or He? is used as a cetalyst to obtain large damping rates 1nfthzti§§5§; i;:eﬁ
(TFR, Equipe TFR, 1980; PLT, Hosea, 1978). With this method, a large e oo
r is chennelled through the minority species which become non maxwellian wi an averyg
o c¢h larger than the majority species. More recently, heating at the harmonic_gf
§32§g;ezuresonance (PLT, Hwang, 1983) sometimes enhanced by the combinedf ui:iuf nzuirgl_
peam injection (JFT2M, Odajima, 1984), has been added to the catalogue of efficient heat

scenarios.

Heating is normally associated with impurity r?lease and edge effec;s. Reig:zeazftizpzii
with a large atomic number induces line radiation losses from Fhe P aff: sore at the | .anﬂ
of the heating efficiemcy., The phenomenon can be highly nor linear w; thepradiatio. SEm
density; it may induce a thermal ingtability or radiation collap;e wtgn fhe radiation
starts exceeding the heating power flux. The thermal collapse ta gs ih PR (Equi ¥
rapid and total disruption of the plasma column. Studies performed on z materizl gi
TFR, 1984) and TEXTOR (Messiaen, 1984) tokamaks have shown that the ?ie‘oternal o
low’atomic number (carbon) in the antenna constru?tion (TFF) or ofl : in e e :
(film of carbon deposited by a methane carbonisation teché1que, Tex gi), wt_on g Sy
reduce radiation losses and inerease the power level causing plasma EiuP l(JéTZM "
resulis have been obtained by shaping the spectrum of the'radiated zpec ;2ths : Ma
1984) in order to reduce the part of the spectrum respensible for edge e .

The near field problem is normally treated in a slab geonetry (Theilhabegﬁeleiié :2:2 apga
1982y solving the full wave equations in an inhomOgen?ous cold pla;ma.d. ting o aeres
with observations led the way to optimise ante?na des%gn capable © 1ra ia lsg haves ot
megawvatt power levels (TFR, Equipe TFR) with high efficiency. The 0:5 z:ﬂre G
of modern large tokamaks required further deve%opment of an antenn:li ulggz) apens ]
higher energy loading. A new antenna construct%on was proposed (La .gé ot ton (14
in a simple water-cooled structure, the radiating elements and the si P

removing the heat diffusing from the plasma.

Conceptual studies for an ICRF system for JET began in 1980 (Ada?). . it :gzgpiﬁzoigi

i 25 to 55 MHz) capable o eati 3
a system with a wide freguency range ( . ;

c?ozzz opeiating at full magnetic field for either of three minority species (Hydrqge :

ge:terium or Helium 3). Made of units each capable of coupling 1.5 Megawatts in th-fPt

it was suggested to build the system in three successive stages. The constructionlgsé_

stage consisting of two units, gtarted in 1982. Operation on the plasma began inh_

The preliminary results, after the first four months of operation, are presentef tg;

Emphasis is placed on coupling the RF waves to the plasma and on the responie o . E

h a short operating period, no attempt cou :
measured plasma parameters. After suc t :
to deducepreliable confinement or heating laws and this will be the subject of a ?g

publication,

THE JET ICRF SYSTEM

The structure of an ICHF unit is skeiched in Fig. 1. Each antenna‘is.madiiof :wo b
elements, each connected through a long (B3 - 84 m) coaxial transmission ge ch'ufggﬁ
MW ampli;ier. Both amplifiers are driven at the same frequency and are t?ne i : g_mﬂ
1984) wusing the impedance transformation caused by a fine frequen;ytiunlng i;me;t .ép
in transmission line, For most ¢ & expe 8. rep
and by a stub placed along the ma " e o sock
i i ith the stub located close to the generator -
here, matching was achieved wit O op was s
i ¥ pulse. In some cases, a frequency fe “use
kept fixed throughout the R B e gones
i i inimise the amount of power reflecte ¢
to trim the frequency in order to min e e
pelow 2%: fixed frequency conditions g .
n thesze cases, the reflected power was i Fix : :
i reflected po;er in the range of 5%. The two amplifiers feeding eaci aztenna ::iﬁo
311
i i i nase with respect to each other. The two ge ato
driven either in phase or out of p e
i i i te oscillators and, therefore, never ope B
antenpa units are driven with separa o
the same frequency. The amplifiers can be operated between 23 and 57 MHz in elg_
chennels, each allowing a 4 MHz bandwidth. The generators delivernzhe ful ﬁgﬁly i
. r 5 i
i 4%. The anode voltage of the powe it
if the reflected pewer is less than : .
adjusted during the pulse in order to keep the output tetrodes in acceptable work

conditions,

opposed toroidal locatioms,
from the plasma heat flux (Fig. 2).
movable carbon limiters,
was varied from 76 mm to 6 mm.
‘of 16 to 26 mm.

overheating,
limited to 2 sec at full power.
are identical.
3).

(m

poloidal and toroidal wavelengths.
of 7T m™ L.

Preliminary ICRF results from JET

Ceramic support Chord of ion eyslotron resonance
i - Double vacuum Ant

Main transmission f ntenna

line tight feed through 7
Fixed stub

ised stub

Motoris ul Remote

handling

transmission

f._/ [f# bt

Graphite Tiles

TR ——— ) - 13
AMPLIFSERS switch
2x t.5MwW )
23—57MHz Test load '
* 20Hz

Fig. 1. Sketch of the JET ICRF asystem showing the organisation of an amplifier
unit feeding the two halves ef an antenna.

THE LAUNCHING STRUCTURE

The two antennae are installed on the low field side of the torus and at diametrically
A frame of profiled carbon tiles protects the antenna structure
Additional thermal protection is provided by four
The radial distance between the antenna tiles and the limiters
High power results have been obtained with a separation
In these conditions, the thermal lcad is shared by all six limiter
structures. The antenna electrostatic screen is 17 mm behind the carbon frame. Made of
nickel bars, 1t is designed as a wave polariser (selectively) transparent to wave electric
field perpendicular to the local tokamak magnetic field.
of the nickel bars of 15° with respect to the horizontal.
some RF losses which not only can reduce thé coupling efficiency but can also cause
At present, the structure is not actively cooled and the pulse duration is
The screen, housing and coaxial feeds of the two antennae
However, they differ in the configuration of the central conductors (Fig.
The antenna, referred to as Ay, is made of two single turn coilg. When the coils
are fed out of phase (configuration Ayy, "Monopole”), the two coils reconstruct the
conventional single turn normally used in ICRF experiments.
(configuration App, "Dipole") eliminate coupling to modes with large poloid4l weve length
0 medes). The antenna, referred to as Ag, is made of four single turn coils with
internal commections producing two poloidal dipoles, separated toroidally by a distance
of 20 cm and fed as previously by the two coaxial lines.
configuration is similar to Anp but with a somewhat larger eqguivalent width.
pf phase (Anzq) in a "gquadrupole mode" radiates a spectrum which is depleted for bhoth long
The peak radiation occurs for a toroidal wave number

In-phase feeds,\however,

Fed in phase (Agp), this
Feeding out

1381

Thig is achieved by an inclination
The screen is responsible for
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(a} Dipole/Quadrupols {b} Monopole/ Dipole:

JET ICRF ANTENNA (Ao)
(QUADRUPOLE)

CAPACITIVE PLATE

COAXIAL R INAUTS
FOR TUNING

HLTED ELECTHOSTATG,
SCREEN {15°)

OA!
’ & 5
””’,///” : y
FEEDING CO-AXIAL LINES
LE i
S — ggADRUP.Tén % CAPACITIVE PLATE FOR TUNING

CAPKCITIE PLATE @) RF CONDUCTORS
() GROUND PLATE (HOUSING)
(5} GONNECTIONS TO GROUND PLATE!

Fig. 2., Representation of an antenna Fig. 3. BSketch of the internal RF circy
showing the principal elements (a) Dipole/quadrupole case

of the guadrupole antenna. The The 4 gingle tuf” 1?ops argz_
screen is only partly repres- connected by pairs 1nterna11y
ented in order to show the The 2 pairs can be phased tq

internal conductors. The shape the k, spectrum in the:

monopele /dipole version only toroidal direction. s
differs in these conductors (b Monopole/d;pole cas? :9..
which are 2 single turn loops of only 2 loops aligned in. the
aligned in the poloidal poloidal direction. Il phasa
direction.

gives a monopole: O phas

ing
gives the dipole. L

TABLE 1

Phasing

-1 -1
Antenna Type between the ky (m™%) kg (™) )
2 feeds at peak radiation at{ peak radiation
Toroidal Poloidal

Monopolie

Dipole

Dipole

-1
Quadrupole i 7 m

The characteristics of the four possible configurations are summarized in Table 11
of the maximum coupled power is indicative of the progress achieved to date and no
technical limitations such as voltage breakdown.

conditions,
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ANTENNA PLASMA COUPLING

Ag a figure of merit we define the antenna coupling resistance as:

- 2 2
R=2P Zo /VM

Where P = p _ -
impedance ofn%:(l‘w

is the resistance which, if substq
the feeding coaxial 1ine would prod

The measurements

power effectively coupled to the T

PRr = n

Note that Ry needs to be meagsured in
principal dissipative elements,
a high magnetic permeability in
tokamak field completely saturat

loss.

the generator end, 83 metres from the a
element is located close to the antenna
(i) +the antenna type, (ii)
edge density profile.
configurations have excellent couy
As expected,
30% (far matching) or 759

? is the net RF power delivered b

Pr ¥y the generator, Z the characteristic
line (30 Q) and V. the peak voltage al

ong the feeding cosxial line. R
uted for antenna at a reint of minimum inpedance along
uce the same standing wave.

of R with plasma (Rp) or without it (By) provide the value of the wave

orus; this power will he referred to as Ppy:

r

the presence of the tokamak field since one of the
the electrostatic screen, is made of nickel which can have
the presence of carbonised or "ecarbidised" walls. The

es the magnetic permeability of nicke? and reduces fhis

v values in the range of 0.6 Q at 33 MHz when matching is achieved at

ntenna tip. It drops to about 0,2 0 when the matching

. Values of R vary widely depending on:

the distance between the plasma edge and the antenna

Figure 4 summarizes the coupling results. Munopole and dipole
pling properties and n reaches 0.9 in most practical

quadrupole phasing considerably reduces the coupling; n is only
{close matching),

(iii} the

Rpl] T LA T T T 7 T T
- D{H)), Frequency = 33 MHz 8
10 | —
S ¥ — & AOIM ]
- . ]
B o -I » AQID
1 — -]
: ’ T2 ]
05 - o ¢ AQ2GQ 7
I~ Theory — i
B 9= Distance screen - limiter plasma surface.
01 A R SR T R SR T T
¢ 1 2z 3 4 5 6 7 8§ 5 3 [cm]
Fig. 4.

Coupling resistance of the four antenna configurations. The
vertical bars represent variations observed from shot to shot
which are mosily related to change of plagma density. Solid
lines give the values obhtained from theory (Bhatnagar et al 1980).
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Forward voltage .Bkv/q v

Reflected voltage . 8kv/di:

Net generator power/both
antenna halves .2 MW/div

Loading resistance (Rp)
30/div, after stubs clos
to the antenna

PREPY /- PO PPRPIRPINS ENPEPSIPIN Y NPINE T SN S0 N NN A SO SN SO S ST S S SRR 2

46.25 4650 46.75 4700 4725 4750 4775 4800 Time (8)

Fig. 5.

Te (keV)

Time evolution of the electrical characteristics of the quadrupole antenn
In this case short stubs close to the antenna were used to transform a
loading resistence of sbout ¢.90 into 210G on the generstor side. The:
net generator power was 1.66 MW. The wave power launched in the torus
was about 1.3 MW, Another example using a monopole antenna with stubs::
close to the antenna is shown on Fig, 6a. :

PN SO |

418 479

Forward voltage  Bkv/div

Reflected voltage . 6kv/div .

Loading resistance (RDL 1 ohm/div, without stubs
close to the antenna

Total coupled power 2,8 MW

Fig. Ba Electrical characteristics of the monopole antenna
during an RF pulse (2.8 MW coupled),

PRI TR NN WS TR N SR S SN SN S SUOY UV SN S S S|

L ¥
477 47.8 479 48.0

47.6

Fig. 6b Evolution of the ceniral electron temperature
(R = 3.1 m) during the same RF pulse.

Preliminary ICRF results from JET

Figure 5 illusirates the time evolution of the RF power signals. The coupling resistance
appears fairly constant during the pulse and very similar on the two antennae halves, Thig
maintains at low level the power reflected to the generators, without frequency tracking,
In the case of significant heating in the plasma centre, the coupling resistance showsg

an "inverted sawteeth" behaviour in close correlation with the sawteeth relaxation of the
central electron temperaturs (Fig. 6.), The increase of loading resistance cccurs 40 ms
after the internal disruption. Thig behaviour is compatible with a flattening of the
density profile after each internal disruption. An important exception tc the general
behaviour mentioned is the case of the monopole which often exhibits a strong asymmetry

between the coupling of the two halves, The origin of this phencmenon has not been elucidated.

Preliminary comparison of these results (limited to the monopole case when behaving
symetrically) to theoretical descriptions of the monopole anitenna show good agrecment with
a2 model, taking into account the metallic boundary condition on each side of the antenna
(Theilhaber, Jacquinot, 1984}, or to a simpler 3 D model (Bhatnagar, 1982) provided the
contribution to coaxial modes is excluded (ky < c/w).

PLASMA HEATING RESULTS

Plasma Conditions
ICRF heating has been applied on the following target plasmas.

TABLE 2

Plasma current 2
(MA)

Magnetic field on
the axis (Tesla)

Electror line density
(Deuterium 1s the main
jon species)

£.4 10%n"% to 1.2.10%

Zerf (f{rom Bremstralung) v 3 to 5

Plasma Ellipticity 1.4, 1.45 , 1.5

Horizontal dimension

The numbers which are underlined correspond to a consistent set of parameters (Reference
condition), We will give in the following section detailed information of the response
of the plasma quantities to an ICRF pulse in this particular condition which corresponds
to the largest relative increase of total power (ratlo 2.5) achieved, so far, with RF
heating on JET., ICRF has always been operated with the vessel walls heated at 300°C and
with carbonised walls, although the carbonisation could be, in some cases, fairly old (n
15 days). RF is normally applied 2 seconds, at least, after the beginning of the current
plateau when the plasma parameters have reached a quasi steady state. The frequency is
chosen in order to match, on the magnetic axis, the fundamental cyclotron resonance of
the hydrogen minority {e.g. 29.8 MHy for 2 Teslas) or the Helium 3 minority (e,g. 33.2 MH=z
tor 3.4 Teslas)., The He? minority is injected about 2 sdeconds before the RF pulse and
its concentration is monitored by measuring the corresponding increase of plasma electron
denzity. The usual concentration ranges from 5 to 10% of the Deuterium densgity. The

effect of Helium injection is quite apparent on the evolution of the antenna loading

resistance, as it eifectively damps the toroidal resonance in the cavity formed by the
torus chamber. Cross-talk between the two antennae is also reduced by more than an order
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of magnitude. Hydrogen minority heating does not normal
background hydrogen {2 to 5%) released by th
is sufficient to provide efficient damping.

1y require injection as the
e limiters and the wall under plasma bomb axripy,

Response of the Plasma to a Heating Pulse

Figures 7 to 10 illustrate the variation of t
pulse. The minority is hydrogen with Th/ng
the first column of Table 2.
1.3 M¥ into the chamber,

in the monopole mode of oper;

The difference results from imperfect antenna matching (v 0,4 MW) and from resistive!
in the antenna and transmission equipment (v 0.4 M), During the same pericd,
bewer resulting from the 2 MA circulating in the plasma
before RF and decreased to about .1 MW due to the decre
plasma (Fig, 7a)}. The central electron temperature Tose
(Fig. 8b), The volume average temperature (Fig. 9a) unde
from 0.8 to 1.1 kev. As the plasma heated up,
electron temperature developed, reaching in some cases a tem
The temperature profile, measured with a
cyclotron emission (Bartlett, 1983),

ase of resistivity of the hotte
from 1.8 kev to about 3 kev:

perature excursicn of. 1.5
Michelson interferometer, recording the electron
is illustrated in Fig. 8a. The profile becomes' g
during the rise of the sawtooth. After its collapse, it takea a shape similar to tlie
HF phase. The pericd of the sawtooth increases with RF power.
level achieved, the regularity of the sawteeth is broken by the appearance of sub-ha

modulation which creates periodically super-long sawteeth reaching 250 ms, a value to
conpared to 100 ms before RF is applied.

It is a common observation in JET, tha

t the electron density rises with Plasma current
This appears te be the result of desorption from the carbon limiter and carboniged wal

under thermal loading, The same effect continues to apply when the thermal loading
increased as a result of additional heating. Both the line density and the central:
increase at each step increase of the power (Fig. 7b). The increase saturates after &
1.5 seconds when the RF power is kept comstant. Close inspection of the signal revegil
that the demsity increase occurs in small steps following, after a short delay, an.ihﬁ
disruption. At the same time, a pulse of infrared light is

the limiters. It 1s therefore likely that the step dncrease
the rapid propagation
Multi channel interfero

metry shows a broadening of the dengity
with a funetional form; Ng = Neoll-r?/a21% with o decreasing
iz applied. These values are iypical of freéhly carbonised walis,
disappears, the profile hecomes more peaked.

As the carbonisat

The central ion temperature.is deduced

from the Neutral Particle Analyser (Corti, 198:'
and from the flux of neutrons produced

by D-D fusion reactions (Jarvis, 1983).
measurements some assumption has to he made, for instance, on neutral and electron. del
profiles. Figure 9b shows an example of deuterium temperat
The sawteeth are alsc present here, although the amplitude
electron temperature, There is no evidence of deviation fr
of the deuterium as seen from the NPA spectra and from the

om a Maxwellian energy'd

+ This tail is only: o
resonate with the eyclotron
minority caseg.

Similar effects are expected in Hed
NPA due to the rarity of douhle char

from the observation of 14 MeV proton (Jarvis,
between He® and D.
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1387
Chmic power Line density
{MW) (16®m-2)
.

1.80 160[
1.76 7.40
1.7¢ .20
1.6 1.00
1.60 5.60
1.65 5.60
1.80F

6.40
1.45
t 40 f 6.20
1.36 EIUFOII €.00
1.30 5.80
1.28 5.60
1.20 5.40
t.15 5.20
1.1¢ . 5.00 .

Time{s) : - \ v Time(s)
44,0 450 B0 47.0 480 48,0 500 440 550 480 410 480 80 500
fa) (b)

Fig. 7. (a) Evolution of the ohmic power during RF heating, The Event marked
"gFQ'T, cerresponds to a burst of an impurity "flying object" which
was occasionally chserved without correlation with RF operation.
This event is also seen on Fig, 9,

(b} Evolution of the line density nef along a vertical chord crossing
the magnetic axis. At high density the density rise occurs in steps
starting aftexr internal disruption with a amall delay of ~ 10 ms.

Etectron temperature Central electron temperature
(100ev) (KeVy
—_—
3.50
%0 1. 45,745 before RF
2.45.76s befare RF 3.70
wop 8.47.65s during AF
7 4.47.708 during RF 3.50
30.0 }/
0.8 3.30
250 .10
22.9 230
270
.0 -
18 2,50
4.0 2.30
0.0 2.0
1.90
6.0 f.70
2,0 tm} 150 NNSNE 15 M7 Time(s)
28 k) 32 4 6 18 40 432 440 45.0 46.0 47.0 £4.0 49.0 500
Major radius th)
{&)
Fig. 8. Electron temperatﬁre measurements deduced from the Michelson interferometer,

{a) Temperature profiles measured at the top and at the bottom of a
giant sawtooth.
(b} Evolution of the central elec

tron temperature showing the difference

of period of the giant sawteeth with the antenna type,
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The overall effect of impurity production is measured by the evoluti

emission in the wvigible spectrum. No appreciable change can be dete

on of the Bremstralung
Belometrie measurenents along sever

cted when RF is applied.

al vertical and horizontal chords show that most of

radiated energy is comning from the plasma beriphery. The power radiated from the centre
<Te> does not exceed 10% of the input power and this ratio does not appreciably change during
(100ev) i Toroidal beta the heating phase. The sanme conclusion applies to the integral of the radiated power which
%0 i . {%) remains a constant or silightly decreasing fraction of the total input power, Thig fraction
1o l‘% ) 0.46 can be as low as 30% in fresh carbonisation conditions and as high as 80% when a metallic
"o (a) ) ; Mf#@k . 044 impurity infiux dominetes. Ae n general conclusion, impurity radiation never plays a

e LR 3 042 significant role in the ener

0.40
.38
035

gY balanhce of the central

part of the plasma. The rediance

increases hy a factor of 2,2 for
e the total input has increased by a factor of 2,5. The level

GCentral ion temperature

2 seconds, Peripheral lines such as C III (977 A) rise to
0t ] saturation in 0.2 seconds and 8lso increase by a factor of 2.2 No significant differences
(KeV) 032 é* ﬁ are observed with the various pPhasing of the antennae in monopolie, dipole or quadrupocle
am (c L mode, However € IIT radiation
270 -

is smaller by a factor of 2 with the
d monopole cases.

it 0.28
230 (b} 026

; Lo
v rir. kb GRE
o 022 -:e«ﬁ.- N s
180 e

440 450 46.0 470 480 4£9.0
1.70

150

quadrupole rhasing
conpared to both the dipole an ’

DISCUSSION AND CONCLUSIONS

3
The preliminary results ohtained

during the short initial period of o
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ABSTRACT

. . ¥ :
A brief review of the basic principles of the free electron laser is followed by a descrip-
tion of the UK Free Electron Laser presently being developed at the Kelvin Laboratoxry,
Glasgow University, jointly by staff from Heriot-Watt University, Daresbury Laboratory and

Glasgow University. The research programme is reviewed and future plans of the project out-
lined.

INTRODUCTION

A free electron laser is a device which converts the energy of a relativistic electron beam
into a beam of coherent electromagnetic radiation. The basic principlie of the process of
conversion is the interaction of the electron beam with a modulated structure, and conven-
tionally this structure is chosen to be a static modulated magnetic field, the Wiggler field.
The effect of the Wiggler is to produce density bunching of the beam, which propagates down
the beam as a longitudinal density (or electrostatic) wave., &As it interacts with the Wigglex
field, the density wave generates a transverse electromagnetic wave. In this brief review,
the Wiggler field will be assumed to possess helical symmetry.

The combined electromagnetic field thus consists of the following:

(i) A static transverse magnetic field, axial wave number ko (the Wiggler field).
(1i)

A circularly polarized transverse electromagnetic wave parallel to the electron
beam, frequency w, wave number kt.

(iii) A longitudinal electrostatic wave, frequency w, wave number kE'

In the small signal limit assiumed here
k, = +
kD kt

. (1)

It can be shown that, for maximum energy transfer into the transverse electromagnetic wave,

the unperturbed axial electron velocity v must be in resonance with the rhase velocity of
the density wave: z0

&

Voo = m/kﬂ, (2}

This condition allows an elementary derivation of the relation between w and v o The phase
velocity of the transverse wave is close to the speed of light ¢, if plasma eff8cts are
negligible, that is,

N
fl’/kt Y] (3)
Combining (1}, (2) and (3) yields

v = ktc/(ko+kt)




