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Abstract

This report reviews investigations of runaway electrons in

the high-density discharges in Pulsator. Qur analysis is based

on the detection of hard X-rays (10 keV - 10 MeV) from the

plasma and of those produced at the limiter by runaway bombard-
ment. Detailed investigations were made during the initial phase
of the discharge, at a time interval around the gas input, and
during the disruption. During the initial phase we observe strong
bursts of hard X-rays from the limiter and the liner wall with
high integer g-values at the plasma boundary, caused by enhanced
losses of runaways. It is found that most of the runaways pro-
duced during the current build-up phase are lost within the first
10 ms. The runaway production is then observed to increase with
growing temperature until it is quenched by the gas input, which
leads to a rapid increase of the electron density. Once the pro-
duction of runaway ceases their confinement can be optimally
studied. The experimental results indicate a global runaway
confinement time of approximately 10 ms; the results are also

in rough agreement with recent thoeries on the runaway production
rate. In connection with the confinement of runaways a random
walk loss model is discussed. The investigations of high-energy
limiter radiation suggest preferential bombardment of the limiter
outside, as predicted by the orbit shift model. On the other
hand, this model does not describe the essential loss mechanism.
We find many indications of enhanced loss processes, the most
outstanding of which is the phase correlation of the hard X-ray
intensity from the limiter with the saw-tooth oscillations connec-
ted with the internal disruptions. The main disruption itself is
always preceded by a huge burst of hard X-rays in which all of
the residual runaways with an energy of ~ 10 MeV are dumped on




the limiter. All observable radiation bursts are correlated
with small jumps of the plasma current, presumably indicat-

ing a rearrangement of the current density distribution.
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g Introduction

Investigations of runaways were taken up soon after Pulsator

was put into operation, and meanwhile an extensive amount of

data has been gathered. A short preliminary report has already
been published /1/. Concerning the presence of runaways, the
history of Pulsator discharges can be summarized as follows:
During the initial period of operation large amounts of runaways
were produced in the discharges. These high production rates

were caused by the relatively low conductivity of the plasma,
which in turn was a consequence of the impurities in the vessel.
After a few thousand shots, after which the machine had become
considerably cleaner, it was observed that the runaway produc-
tion had been reduced, too. With further improvement of the de-
gree of purity, however, difficulties with runaways were again
incurred. This time high production rates were reached after

a few times 10ms in the discharge, this being due to a decrease of
the electron density. The decrease of density during a shot is

a natural consequence of the finite particle confinement time

and a recycling coefficient less than 1. Under unclean conditions,
however, this effect is usually overcompensated by a flux of light
impurities from the walls. Finally, in the case of Pulsator, the
situation became rather severe: After about 70 ms many discharges
turned into the runaway dominated phase, which is characterized
by an uncontrolled decrease of the loop voltage. During the same
time a series of runaway instabilities with a repetition rate

of approximately 1 -2 ms was observed. These instabilities

are distinguished by positive voltage spikes and strong bursts

of hard X-rays with a duration of several tens of us. In order

to overcome this undesirable situation we were forced to look

for some means by which the electron density could be increased.
We finally succeeded in using a fast input of hydrogen gas. By
means of this procedure we got rid of the actual runaway problems
and, in addition, obtained discharge conditions which are best

+)

suited to studying the confinement of the remaining runaways

) A summary of the high-density operation of Pulsator is given

in Ref. /2/.




In the following only this type of discharge will be discussed.
In particular, we shall concentrate on three important inter-
vals:

- the initial phase of the discharge

- a time interval before and after the gas input

= the disruption phase.

IT. Hard X-ray diagnostic system

The hard X-ray system used for the analysis of runaway plasma
radiation is shown in Fig.1. The spectral analysis of the radia-
tion is performed by means of a 3" x 3" NaI crystal to which a
photanultiplier is attached. This unit is accommodated in a lead
housing with a wall thickness of 8 cm and an exchangeable input
aperture (3-20 mm in diameter). A second aperture is situated
about 1 m away and can also be exchanged in order to adjust the
hard X-ray flux. Additional lead shielding reduces the scattered
radiation from the copper shell, the iron transformer etc., and
in particular the radiationcoming directly from the limiter. The
whole system is positioned in the toroidal direction on the
opposite side of the limiter. Photons from the plasma (with
energies < 3 MeV) have to go through a diagnostic shaft and a

Be window to reach the detection system. For a photon energy
exceeding 10 keV the transparency of the window is greater than
84 %. The detection system can be tilted so that one can scan

over the inner minor radius of the plasma.

It is very important to know whether the observed radiation is
from the plasma or from the surrounding walls. In our case, the
system always "sees" a small part of the liner surface, which
is radially only 3 cm in the shade of the limiter. To clarify
the origin of the radiation, experiments with a movable tungsten

sphere(8 mm in diameter) were performed (see Sec. III.1)

The voltage pulses from the photomultiplier are fed into a

pulse height analysis system. The digitized signals are sent



to a PDP-11 computer, where the pulses are stored in an

array of 256 x 4000 bytes. The 256 channels yield informa-
tion about the photon energy and the 4000 channels give the
time information. In this way we obtain time resolved energy
spectra. For statistical optimization we can integrate over
some time and energy intervals and sum up an arbitrary number
of shots.

ITT. Investigations of runaway phenomena

ITTI.1 Runaways during the initial phase

First we discuss the start-up phase of the discharge. In Fig.2a
we present oscilloscope traces of the plasma current, the loop
voltage, and hard X-ray pulses for the first 9 ms of the dis-
charge. Figure 2b likewise shows the loop voltage and, in ad-
dition, the derivative of the plasma current for the same type
of discharge with a higher time resolution. The current plateau
of 48 kA is reached after about 3 ms. During this time the loop
voltage decreases from 60 to about 3 V. The traces of the plasma
current and the loop voltage (measured with a toroidal loop at
the major radius RL = Ro - 18 cm) allow us to calculate the
electric field outside the plasma. In cases where the plasma
current or the current density profile changes, the loop voltage
inside and outside the plasma may be quite different owing to
inductive effects. Estimates of these inductive effects show
that during the initial phase the electric field at the plasma
centre can be appreciably smaller than at the boundary, but
since the actual current density profiles are unknown and hence
the time integral of the electric field as well, the factor of
uncertainty remains too large to permit decisive retracing to

the time of origin of a runaway whose energy has been measured.

Some information on the electron density and temperature at the

early times of the discharge are given in Fig.3 /3/. This shows




that the plasma is already fully ionized at about 0.5 ms.

At the same time the first hard X-rays with a maximum energy

of approximately 100 keV appear (Fig. 2a). As time goes on,

the maximum energy of the photons increases to ~ 1 MeV and

there are bursts in the intensity which are correlated with
rapid changes in the loop voltage. As can be seen from Fig.2b,
these changes in the loop voltage are exactly correlated with
inverse changes of the current derivative, where the latter
signal has been slightly integrated with a time constant of
36/us; the original signal of the current derivative is strongly
disturbed by fluctuations with a characteristic frequency of

200 kHz. Even more important, the spikes in the loop voltage
correspond to decreasing integer values of the safety factor

q within the limits of experimental error (~ 5 %), when

a slightly reduced plasma radius of 10.5 cm is assumed instead
of the limiter radius a = 11 cm. It is very remarkable that |

qa—values as high as 15 can be identified.

It should be noted, however, that such a definite identifica-
tion of integer qa—values is only possible under the conditions
stated. Increasing the rise time of the plasma current from 3 ms
to 7 ms or decreasing it to 1 ms leads to smaller voltage spikes
where the high qa-numbers (qaz; 7) do not show up and the iden-
tification of the a, < 7 numbers becomes less certain.

From Fig. 2a one can deduce that the e = 5 value is run through
twice (at 3.3 and 5.9 ms). Both events coincide with the appea-
rance of hard X-rays with energies of about 1 MeV+)

In order
to determine the origin of the radiation bursts the aperture in
front of the Be window was closed with a lead plug for a number
of shots. No photons could be detected in these cases for the
first 10 ms. Thus, it has been verified that these radiation
bursts come from either the plasma or the liner surface but not
from the limiter. The only reasonable explanation for the in-
tensity bursts, however, is a runaway bombardment of the wall,

otherwise we should have to postulate that the target density
+)

Some of the radiation bursts were also observed with a second

detection system looking perpendicularly to the limiter. As the
limiter, however, is hidden behind a few cm of shielding walls
only the bursts with high photon energies can be detected with

this system.



(i.e. Zeff . ne) is enormously increased within time intervals
as small as 100 us. Moreover, this interpretation is supported
by investigations with the tungsten sphere shown in Fig.1. If
this sphere was brought 2 cm into the limiter shadow, the W-K,
radiation at 60 keV could be observed during the first 3 ms when
looking at the sphere from above (Fig.4a and 5b). At later times,
however, this characteristic radiation could not be detected
(Fig.5a and 5b). There are some differences in the experiments
with and without the tungsten sphere. Figure 6 shows a polaroid
with the hard X-ray pulses from the W sphere as well as the in-
verted loop voltage and the current flowing from the sphere. The
latter signal is not very reproducible, and we shall not comment
further on it. In contrast to the measurements described pre-
viously, there is just one very strong burst of radiation ap-
pearing prior to the spikes in the loop voltage. The quiet period
without radiation activity following the burst can last as long
as 20 ms. It should be mentioned, however, that there have also
been series of shots where the initial bursts decrease con-
tinuously in intensity although the machine was operated under
the same conditions; thus it appears that these early bursts

appear preferentially under relatively less clean conditions.

We have not yet found a conclusive and fully convincing inter-
pretation that would explain all of our observations. A poss-
ible interpretation is the following:

- Most of the runaways are generated in a small time interval
around 0.3 - 0.4 ms. This is the time when a small rotational
transform (qa_s 100) is already efficient in confining the
particles but the loop voltage is sill very high. Neglecting
inductive effects, the electric field is about 0.1 V/cm at
this time and the runaways get 80 keV in 100 ms. According
to our interferometer measurements (Fig.3) the plasma is al-
ready fully ionized at this time. The temperature is estimated
to be about 10 eV only, but a high non-Maxwellian tail must
be assumed.




- The runaway production takes place in an outer shell of the
plasma because the highest electric fields are to be ex-
pected there owing to the skin effect. This runaway shell
leaks out towards the wall as a consequence of magnetic
islands being created in connection with MHD modes. The MHD
modes observed in the experiment with high integer qa-values
have the character of surface modes and are likely to be
excited on account of strong gradients of the current density
at the plasma.

- We assume that most of the runaways are lost at the limiter
but at least a certain fraction has also been found to reach
the liner wall. In this connection the elastic scattering from
the limiter (even for 1 MeV electrons the back-scattering co-
efficient for a thick Mo target is as large as 20 %; see Ref.
/4/) may play a crucial role. Particles scattered from the
limiter have the chance to exchange their large parallel mo-
mentum into perpendicular momentum and are thus susceptible

i ) . . +
to trapping processes into some local magnetic mirrors ).

IIT.2 Current plateau phase

IIT.2.1 Quenching of the runaway production

The time development of the four plasma parameters that deter-
mine the runaway production is given in Fig. 7. The central
values for the electron temperature and the electron density
as well as Zeff were obtained from Thomson scattering. UL is
the loop voltage. The hydrogen gas is added at 40 ms and the
corresponding particle flux has a characteristic rise time of
5 ms. This gas input reaches the plasma centre about 10 ms
later. In most cases this type of discharge is disrupted by

an instability which sets in between 80 and 120 ms.

If the ng and Te profiles are known,the runaway production rate
profiles S(r,t), can be calculated. Such profiles, calculated on

the basis of the theory given by Connor and Hastie /6/ which has
%)

Trapping of hot electrons, induced probably by some instability
mechanisms has been observed in particular in the TFR Tokamak /5/.




been absolutely adjusted to the calculations of Kulsrud £,
(for numerical details see Fef. /8/), and assuming Zeff to
be independent of r, are shown in Fig. 8 for several times.
Because of the sensitivity of the production rate to small
changes in temperature and density, only profiles of Te and
ng measured in the same series of shots can be used to
correlate withhard X-ray measurements. In Fig. 8 we show
profiles of the production rate where the solid lines were
obtained by taking an average of the two values at R0 + r
and Ro - r. The dashed lines in Fig. 8 are calculated using
data for Ro + r only; therefore, and because of the reduced
accuracy of the ng and Te measurements close to the boundary
this part of the profiles is rather unreliable. In general,
however, we see from Fig. 8 that the runaway production pro-
files are relatively broad up to about 30 ms but become more
peaked afterwards, since with increasing temperature the tem-
perature profile peaks, too.

The total production rate of runaways Stot within the torus

can be obtained from the S(r) profiles . It is shown in Fig. Y
for several times. The total production rate becomes negligible
soon after the density increases in the centre. The calculation
yields a decrease of the runaway production rate by about twelve
orders of mangitude towards the end of the discharge. For the
purpose of comparison with theory, the production rate is ap-
proximated by an exponential increase and an abrupt quenching

at t = 50 ms (Fig. 9). In order to calculate from the produc-
tion rate the number of runaways in the torus at any particular
time, an assumption about their confinement must be made. Ad hoc
we introduce a runaway confinement time T and assume the pro-
bability that a runaway born at time tO is still in the discharge
at time t to be P(t,t)) =e x p[-(t - t )/t _] . No justifica-
tion for this assumption can be given but in the next section

we shall show that it is compatible with a random walk loss
model. The togal number of runaways with tr as a parameter, i.e.
N, ., (t) = [ Seot (o) * P(t,t )dt_, is also shown in Fig. 9.

tot
o




Furthermore, we give in the same figure the calculated minimum
energy of the runaways (6 MeV), the runaway current, and the
energy contents of the runaways for t = 85 ms.

IIT.2.2 Random walk loss model

Let us consider the following model: A runaway created at a
certain radius at a certain time undertakes a random walk over
the cross-section in the course of which its parallel momentum

is increased. If the particle once touches the limiter it is lost.

This statistical process can be described by a diffusion equa-
tion with a formal diffusion coefficient D. According to this,

the eguation for the runaway distribution function f(gq,p,t) is

given by
2F 1 2 Do o 1 9Ff ~
—_— e e mm + — = = @) >0 (1)
ot a'g 98 S a9 T 32 > .

Here q = (p-pc)/mé:is the normalized momentum of the particles,

B is the critical momentum for runaway generation, f = r/a the
normalized radius, and T = moc/eE is a characteristic time de-
fined by the electric field E = UL/2 TRO (mo = electron rest mass,
e = elementary charge, ¢ = velocity of light). In addition to

eq. (1) we have the boundary conditions f(? = 1) = 0 and

f(q = 0) =T‘SgP,t); the latter condition is obtained by means

of dt = T dg. The total number of runaways at a given time is

obtained from
4

[= =)
~2na2R |do Zrcp |d5 £(5, 0,2 (2)
e o

Assuming as a first approach that the diffusion coefficient is
independent of energy, time and radius, the general solution of

the problem is given by a Fourier-Bessel series:

£(5,9,%) =-; AG t)exp(-2225) T(Es) 4,
with

Az t)= }9'2. [5G t-72) LE5)pes (30)

»




where §,= 2.40, 5.52... are the zeros of J,- From eq. (3b)

we see that for a given momentum § the coefficients A, are
defined by the runaway production at the retarded time tO =

t - 9T . With growing momentum the terms with » > 1 decay
very rapidly in eq. (3a) and the only remaining term is that
of lowest order. Thus, the radial profiles tend to become the
Bessel profile I ( f.P) . If the runaway production is sub-
stantial only within a small time interval at t_ (as is ap-
proximately the case in our experiment), we have A4, & cg(f"" %)
and from eq. (3a) it can be deduced that the high energy tail

(§ » 1) decays exponentially with a time constant

z
a

D jj

which may be termed as the runaway confinement time.

(3c)

=

As has already been mentioned, the diffusion constant D is

just a quantity that describes the random walk of the par-
ticles perpendicular to the magnetic field lines and has

little or nothing to do with the classical diffusion con-
stant. The random walk could be caused by, for example, radial
E x B-dirfts on account of fluctuating poloidal electric fields,
as has been discussed by Spitzer/9/ to account for anomalous
diffusion in stellarators. From this point of view it would

not be surprising if I turns out to be comparable with the
confinement time of thermal electrons ( ~ 5 ms at high densi-
ties in Pulsator) since the E x B drift velocity is independent
of the particle energy. For the diffusion coefficient one
obtains /9/

<A3"z> = 2 £ Epil 7
AT B

where fs is the self-correlation time, i.e. the characteris-
tic time during which the electric field in the frame of the

moving particle does not change essentially (7T _1/w =
=12 S gyro
=2 - 10

s must be assumed). To get an idea of the magnitude
of the field we assume T} = 10 ms in eq. (3c) and quite

—




- L

arbitrarily 'Z = 1 s in eq. (4); we get D = 2 - 103cmzs_1

and V<E2 > 0.1 V/cm. Since the wavelength in the poloidal
dlrectlon is limited to A & 2 Ma, this field strength could
be supplied by a potential difference of A¢g £ 4*}(E2 )— 6.9 V,

which is rather small compared with thermal energies kTe/e -103V.

Another mechanism yielding radial transport of the particles

is caused by the formation of magnetic islands and by ergodiza-
tion of the magneéic field lines. In the case of ergodization,
any point within a finite volume can be reached by following

a magnetic field line. Some experimental evidence for ergodi-
zation has been found in the Australian LT-3 tokamak /10/.
Localized ergodization takes place at the boundary of magnetic
islands, which are created by helical perturbation currents in-
side or outside the plasma. Within a magnetic island the radial
transport is caused by the fact that a magnetic field line changes
from the inside of the island to the outside after a number of
turns around the torus (depending on the magnetic shear, typi-
cal values are ~ 10). Helical perturbations have been observed
in Pulsator as in most tokamaks on the q = 1 and q = 2 surfaces,
but smaller island formations must be visualized also for inter-
mediate rational g-values, especially for q = 3/2, 5/2. Large
scale ergodization can be established by overlapping of mag-
netic islands /11,12/

III.2.3 Analysis of plasma radiation

Our experimental data comprises X-ray emissivities integrated

over a chord of the plasma

Itkt,8)= |edl =2 jﬂﬁ_ﬁ)ydf (5)

as a function of the photon energy k, the time t, and the
distance of the chord from the plasma centre b. These in-
tensities are defined by the number of photons per second,
per solid angle element 4L, per surface element 4 S and



divided by the relative photon energy interval o6k/k, i.e.

I=Np - k/ak ' 4S +44 . Within the energy interval 50 keV
< k = 500 keV the measured spectra can be well described by

an exponential law
k —ko
Ikt t) = IoCt)é)'e’CP(- 5 2 (6)

where IO is the integrated intensity at ko = 50 keV and kc

is the characteristic energy defining the slope of the spectrum.
Hence, the extensive data can be represented by showing graphs
of IO and kc versus time for various chord distances, as shown
in Figs. 10 and 12. In Fig. 10 we see that after the initial
burst (described in Sec. III.1) IO increases again, as is to

be expected from the increase of the runaway production. At

the time of the gas input the intensity decreases almost in-
stantaneously at the plasma edge and about 10 ms later at the
plasma centre. After this time the intensity curves for the
different chords run approximately parallel, which means that
the radial profile does not change any more. This is in general
agreement with the above theoretical model, but the measured
profile is much more peaked than the theoretical one, where

the intensity is assumed to be proportional to ne(f) i Jo(fu ;1).
Figure 11 gives an example of the discrepancy between theory
and experiment for t = 57.5 ms. This disagreement could be due
to an increase of the diffusion coefficient towards the plasma

boundary (possibly caused by magnetic islands).

In Fig.12 we see that up to 50 ms kc slowly increases and is
practically constant over the plasma cross-section. Thereafter
kc increases quickly with the highest values towards the boundary.
Here we have to point out, however, that for the outer chords
large errors are present with the tendency to increase kc. These
are due to the low intensities obtained for the off-centre
chords and to the growing background of the limiter radiation
becoming gradually hard enough to penetrate the lead shielding.
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In order to get some information on the runaway confinement
time, it is convenient to define a normalized intensity over
the central chord by

I( kt, b=0)
k. t — e
H( ) (-6) &) (7)

Here again no concentration of impurity is assumed, and the
effective charge density of the nuclei z = z:Zz n /-\;E Z_n

eff n nn nEn-n
has been replaced by the effective ion charge density
eff—Z;Zlnlﬂi' Z, {0y which is correct only in the case of
complete 1onlzat10n However, since the predominant impurity
in Pulsator is fully ionized oxygen, the two quantities do not
differ very much in practice; the ratio Eeff/zeff was estimated

to be 1-1.5.

The experimental function Hexp is obtained from the central
intensity and laser scattering data. This is to be compared
with the asymptotic (taking only the term ¥= 1 of eq. (3)

into account) theoretical function
T,

mex

H, (k)= ZJoa,c'z:f QUkt) S, [t -24(r)] exp |- Z’zC_ZJaL“ (8)
'mn.>k

where Q = ;%f%;- is the bremsstrahlung cross-section for a

photon emission angle of 90° (we use eq. (2BN) of Ref. /13/

with the Elwert correction), SO the central runaway production

rate, T the kinetic energy of the runaways, and f1 the effective

normalized radius which can be determined from the measured

- profile I(b) according to

4 1
(g) I'(b) db |
= = — (9
5’1—[&@3’ TZJ IO b f@)sa )
with I' = dI/db. The right-hand side approximation of eq.(9)

holds for strongly peaked profiles.

The bremsstrahlung cross-section as a function of kinetic energy

for various photon energies and 6 = 90° is shown in Fig. 13. The
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decrease of the cross-section with growing kinetic energy

is due to the fact that the radiation becomes more and more
peaked in the forward direction. In addition, we give in

Fig. 14 the cross-section for a photon energy of 50 keV and
the characteristic slope energy kc versus kinetic energy.

Here the bremsstrahlung cross-section has been approximated by
an exponential law Qotexp(—k/kc), which can be done for the
range 50 keV £ k £ 500 keV. The curves of Fig. 14 are very

useful if a quick check of a measured spectrum is to be made.

Equation (8) is only correct for a Bessel profile of the pro-
duction rate. In the case of homogeneous production the right-
hand side of eq.(8) is to be multiplied by 1.6. Thus, correc-
tion factors are not substantial and will be neglected. In
Fig. 15 experimental results for a photon energy of 50 keV
(where experimental errors are smallest) are compared with

numerically calculated values of H Because of the rather

theor”
large inaccuracies in the absolute values of H

theor °OP€ should
first refer to the slopes of the functions. Comparing these

for t >60 ms, a runaway confinement time decreasing from 50

to less than 10 ms could be deduced. For several reasons, how-
ever, it would be an overintepretation to draw such detailed
conclusions from Fig. 15. One important fact is the discontinuity
of the runaway loss induced by the gas input and also the dis-
continuities caused by the internal disruptions, as will be
discussed in the next sections. Another point is that the
measured spectrum at t = 57.5 ms shows a much steeper slope

than the caluclated spectra for T 2 10 ms, whereas for

t = 67.5 ms both spectra agree fairly well if t} = 10 ms

is assumed. Hence, it seems to be more realistic to deduce

from Fig. 15 a global runaway confinement time of approximately
10 ms. The same value for the runaway confinement time has been
found in the ST tokamak (Ro = 109 cm, a = 13 cm) by considering
the steady-state runaway distribution /14/. In addition, for

this confinement time we also get fairly good agreement for




the absolute values. Although the observed agreement is better
than is to be expected (the factor of uncertainty is about 5 - 10),
we do not see any reason to distrust the calculations of run-
away production rates as deduced from measurements in the ST
tokamak. In connection with this question, it should be noted
that from a rigorous point of view it is almost impossible to
distinguish in the experiment between low production rate and
high loss rates as the actual loss mechanisms are unknown. Thus,
if there is,for example, enhanced loss of runaways in the range

of ~ 100 keV at the limiter, this loss is generally not detectable
because of too thick absorbers and the background radiation from
higher energy runaways; consequently, too low a production rate
would be deduced from the experiment.

Finally, we want to emphasize that in Pulsator the shots with
the lowest hard X-ray intensities (no photons above 1 MeV are
observed) are not believed to have very low production rates but
suffer from poor confinement; they are always characterized by

a high but strongly fluctuating loop voltage.

ITT.2.4 Hard X-rays from the limiter

Recently some supplementary measurements of the limiter radiation
were performed. Some of these measurements were made with the
set-up shown in Fig.16. The radiation from the limiter inside

and outside was simultaneously detected with two identical systems.
Because of a transformer yoke, the very tangential direction for
the limiter inside is not accessible in Pulsator, and the measure-
ments were made under the smallest possible angle of 17° with
regard to the runaway velocity vector at the limiter. By means

of test absorbers (Fig.16) it could be verified that this double
system is very effective in discriminating between the limiter
outside and inside, as far as scattering at the torus structure
can be neglected. For the interpretation of the measurements it

is very important that all absorbers around the machine are care-



fully taken into account. Adding up the contributions from

the copper shell, coils, vacuum vessel etc. we have 1 cm Fe,
3.8 cm Cu and 5.8 cm Fe, 11.3 cm Cu for the limiter inside

and outside, respectively. Thus, the radiation from the limiter
outside is about 70 to 25 times more attenuated than the ra-
diation from the inside with reference to photons of 2-10 MeV
(see Table I).

A record of a typical shot is shown in Fig. 17. The first hard
X-rays (k> 1 MeV) appear at about t = 35-40 ms. Right after the
beginning of the gas puff the intensities are appreciably in-
creased for about 5-10 ms, and small fluctuations in the loop
voltage, similar to those observed during the initial phase,
occur. This phase of enhanced limiter radiation is always suc-
ceeded by a period of low intensity. After this, the intensity

increases again to reach a maximum at about 90 ms.

Taking into account the different attenuation factors for the
two beams, we get roughly 100 times as much radiation from the
outside as from the inside for tz 40 ms. It is also observed
that the radiation from the outside is somewhat more energetic.
The increase of the intensity at the time of the gas input indi-
cates obviously enhanced loss processes. In contrast, however,
to the observations at the disruption phase no correlation bet-
ween the intensity bursts from the limiter inside and outside
are found at these times. From this we conclude that the inten-
sity of the inner beam is not due to Compton scattering only
(which is otherwise known to be of great importance), but is
caused by runaway bombardment of the limiter inside. In ad-
dition, it should be noted that at the time of the gas puff

the plasma is generally strongly pushed inward by about 1 cm

by a programmed step in the vertical magnetic field+). In

spite of this, the highest intensities are obtained from the
limiter outside.

+)Thisstepha.s proved to be of advantage in avoiding disruptions

at these early times.




There is a general agreement between our observations and

those made by the Ormak group /15/, which also found that
high - energy runaways are preferentially lost at the limiter
outside. The explanation for this given by the Ormak group is
based on the orbit shift model, according to which the runaway
drift surfaces are shifted outwards owing to the curvature

drift velocity Vg = vi /Roub (with gyro-frequency ub==eB/(mOc
relativistic paramgferan= (1 —v2/c2)'1/2=1 +T/moc2 and'% the
velocity paralel to B).Neglecting toroidal effects, this shift
is given by

2
A x A dere: 21P, 00567 lg=1 [em]  (10)

with g=r Btor/Ronol and B, =v, /c ~B=V/c Equation (10) holds
in particular for a flat current profile (g = const) where the
drift orbits are concentric circles in the minor cross-section.
For peaked current profiles the shift can be appreciably re-
duced, but the orbits became somewhat elongated, too. For re-
alistic current profiles, however, the shift of the orbit centre
is always much more important than its deformation. From a more
detailed analysis of the drift equations, we find that in the
case of Pulsator the deviations from circular orbits are less
than 5 % up to energies of 10 MeV for a current density profile
j o {__'I—(r/a)z,]3 . In theose cases the orbit radius is practically
conserved and it is identical with the radius r, of the poloidal
flux surface on which the runaway was produced. The shift is
then obtained from eq. (10) by setting r = rg + Ax2,

For T=5 MeV electrons we get a shift as large as 1.8 cm for
particles produced on the g=3 surface (rd~10<mu a=11 cm, Ip=60 kA
Btor==30 kG) . Thus the orbit shift model can indeed explain

the preference of the limiter outside with respect to runaway
bombardment. On the other hand, this model does not apply for
the real loss mechanism since it fails to explain how the run-
aways that-°were found concentrated at the plasma centre in

Sec. IITI.2 can get from the centre to the outer regions.

Another observation made at Ormak and considered as confirmation

of the shift model /15/ is the onset of the limiter bombardment




with the decrease of the plasma current. Similar effects have
also been observed in Pulsator but more precise measurements
showed that generally the onset takes place when the current

is still slightly increasing; if there is such a current cri-
terion at all, it seems to be fp) O rather than ip( O accord-
ing to our measurements. An example of such a measurement

- recorded with a single NaI detector looking to the limiter
outside at 17° - is shown in Fig. 18 S{an Fig. 17 fp>- 0 co-
incides with the intensity increase at t=68 ms). We also have
difficulties in explaining this effect quantitatively by means
of eq. (10). There is, of course, the tendency for a to increase
if the plasma current decreases, but there is also always a shift

increment due to the energy increase of the runaways. Quanti-
tatively, we get

dAx A 1 IE)
= AX - 3 (11)
at -Z‘Ar%_q I}

where 7= moc/eE is agdin the characteristic acceleration time

(see Sec. III.2.2) during which relativistic runaways gain 0.5 MeV.
In Pulsator we have for the quasi current plateau under considera-

tion Z~3 ms and fp/Ipﬁ4-1/BOO ms. Thus, the first term in eq.(11)

is always much larger than the second one since extreme relativis-

tic particles I>‘21 £ 10 MeV can be excluded.

Let us consider in more detail the stopping mechanism of the
runaways at the limiter. Relativistic runways need only some

1Cns (15 ns in Pulsator) for a torus revolution. Within this

time no significant changes on the MHD time scale can take place.
It is therefore most likely that runaways hit the very edge of
the limiter outside (in Pulsator a 0.6 cm thick circular Mo
diaphragm with rounded edge) when they first touch it. However,
as it is known that the range of MeV electrons is of the order

of a millimeter in molybdenum (e.g. 1.6 mm for 4 MeV; see Ref./4/),
the runaways are probably not absorbed at their first impact. On
the other hand, it can be assumed that the perpendicular velocity
of the particles is considerably increased even in relatively
weak limiter interactions, resulting in an increase of the gyro-
radius, too. From the relation

hh= % = BELERL = 906 4B [em]

2 9 S8 (12)




we see that the gyro-radius can become several millimetres

for relativistic particles (2 £ ¥ £ 20) as B, =v, /c approaches
unity. Now, the particle can penetrate much deever into the
limiter the next time it comes close to its outside edge. We
have to note, however, that in the case B, /B">-f§;7ié = 1.8

the particles will be trapped and much larger shifts are to

be expected (in eq. (10) B8, is to be replaced by B¢yho(1—coset)/a,

with ¥ ©,_ being the angles of the turning points). As trapping

is assum;d to be an exceptional case, we will not consider it
in the following. Thus, referring to a circular geometry, the
distance of the guiding centre of the particles to the limiter
boundary after n toroidal revolutions is given approximately
by

5; = Ax (l—coséh) 2 %Qﬂl b/ (13)

- i
where 9n = n2 T/q, is the poloidal angle in the limiter plane, ;
and n = O, 6% = o corresponds to the first impact at the out-
side, assuming rg(n==0) to be negligible. The condition for

the second impact is Jnfﬁr or by means of egs.(10)-(13)

gl

7—cos6, é-ﬁé_— . (14)
ﬁaza_
Thus, the maximum angle under which a non-trapped runaway can

hit the limiter the second time is given by

co.sémﬂ = _2—- — e

Lo

3.6:=518/5. For

this we get gmax = + 32° and because of 9n==n . 100° the run-

aways perform at least seven revolutions ( @7==—2Oo) between

As an example let us consider the case aa

the first and the second impact. Another part, however, will
need 11 revolutions ( 911 = +20°) for the second impact

and those with smaller B8, need as much as 18 ( 918 . OO).

If we take into account an uncertainty in q_, a broadening

a
of the impact angles is obtained. For q, = 3.6 T 0.02;



for example, we get 9_‘,=-20O i e 911 = +22° #2°, 918 =0 *10°
and 9n>-18==o +6°. Some runaways will perform more thantwo im-
pacts before they finally get stuck in the limiter. All these
particles will deposit their energy at some preferential domains

at the limiter outside with |& | < 'ﬁ%axl'

No such details of the limiter bombardment are known from the
experiments. However, well localized melting spots at the limi-
ter outside, coinciding with the positions of activation due to
( y, n) processes, have been found in the TFR and PLT tokamaks
/16,17/. The activation clearly indicates that there has been
bombardment by high-energy runaways at these places. In contrast
to this, we find the limiter in Pulsator to be damaged almost
all over its periphery and slightly activated (E.Glock, priv.
communication) at both the outside and the inside, although

the plasma is generally well centered. As the limiter has been

in use for several thousands shots, we do not know whether melt-
ing is a common or a more accidental phenomenon. On the other
hand, the activation must have occurred during the last ~100
shots (high density) before opening the torus since the radio-
activity decayed rather rapidly and could be detected only for

a few days. Runaways impinging on the limiter inside possibly
indicate an ergodization of the magnetic field lines in the

outer plasma regions.

Because of the undefined conditions in the runaway-limiter
interaction, the limiter radiation is not very well suited to
quantitative analysis. In addition to the general problems

with thick target bremsstrahlung, there is no well defined
target thickness in this case. Therefore, only the high energy
part of the bremsstrahlung spectra, for which reabsorption in

the target becomes negligible, can be used for analysis. Further-
more, there is a lack of information concerning thick target
bremsstrahlung. Most of the available data /18-23/ refers to

the radiation in the forward direction and applies to W, Al,

or Fe targets. For targets above or equal to the optimal thick-




= D0 =

ness, there is only aweak dependence of the bremsstrahlung
intensity on the Z of the target material (see Ref./21/) for
the high-energy part of the spectrum, but the peaking of the
radiation in the forward direction is still appreciable, though
much less pronounced in comparison with the thin target case.
The quantity usually given in the literature is the bremsstrah-
lung yield E%E%V(T’k'e) (photons/MeV - ster . electron) for
optimal target thickness. By means of this quantity we get an
approximate relation for the number of runaways impinging per
time interval on the limiter, ﬁr' and the pulse rate N obtained
from the detector

App(f)=}f-df2-A[T(£)]-/\},  (16a)

with
T

kA
AlT)= /7(@'?(&).5—@&;( . (16b)
(]
In this equation T (k) is the transparency function of the various
absorbing materials,‘f(k) the total detector efficiency, and
¥ £ 1 is a geometry factor accounting for the fact that usually
not the total limiter periphery is observed. By means of equa-
tion (16) it is possible in principle to determine the run-
away confinement time from the measured pulse rate since the
kinetic energy is rather well known as a function of time in
the high-density case:

T~ = —(t2-%4)
g '&’7‘ (Af NP1 /‘47./019:.)

Unfortunately, no data for the bremsstrahlung yield at & = 17

(17)

o]

and 2 MeV£T <12 MeV has been found in the literature.

Another point that has to be taken into account is the poor
detector responsivity to photons above 1 MeV. Although the
total detection efficiency ;y for the 3" x 3" NaI crystals

is larger than 60 % for all energies, the photopeak efficiency




becomes less than 10 % for photons above 5.5 MeV /24,25/.
Hence, the photon energy-pulse height relation given in the
figures is to be understood in the sense that the detected

photon has at least the energy given by the pulse height.

III.2.5 Correlation of high-energy radiation with internal
disruption

A very informative discovery, namely the correlation of the
hard X-ray radiation with the saw-tooth oscillation of the
internal disruption, was made very recently in Pulsator. This
correlation was first observed when utilizing fast plastic
scintillators behind a limiter pin-hole camera /26,27/. So far
the correlation could only be detected at high densities

(ngz 7 - 10'3cm™3) when the saw-tooth amplitude is large and
the period becomes about 1 ms or greater. There was first some
uncertainty whether the observed oscillation is to be attributed
to limiter or plasma radiation. By means of a NaIl crystal in a
telescope mounting it could be verified, however, that the os-
cillation appears in the limiter radiation at energies above

~ 1 MeV. This is in agreement with estimates according to which
the plasma-radiation intensity is at maximum 1 % of the limiter
radiation intensity in the runaway forward direction at the 1li-
miter for k = 1 MeV (photons of lower energy are strongly ab-
sorbed in the torus structure) if a runaway confinement time

of 10 ms is assumed. In Fig. 19 we show a trace of the hard
X-ray intensity in comparison with the soft X-ray signal ob-
tained from a surface barrier diode looking through the centre
of the plasma. The hard X-ray signal is the pulse rate from a
NaIl system collimated to the limiter outside with an observation
area 4 cm in diameter. As can be seen from Fig.19, there is an
inverse saw-tooth oscillation in the hard X-ray limiter radia-
tion: Soon after the soft X-ray intensity has dropped, the

hard X-ray intensity has its maximum. Unfortunately, the de-
tails are smoothed out because of the relatively long integra-

tion time of 1 ms needed in the case of the hard X-rays.




These observations throw a new light on the so-called internal
disruption, which is generally considered to be a phenomenon
confined to the inner part of the plasma where g¢ 1. From our
measurements,however, we conclude that there is also a long
range effect extending to the plasma boundary (qa~ 5 in these
experiments) or even beyond. This is deduced from the fact that

right after the internal disruption, when the temperature in

the plasma centre has suddenly dropped, relativistic runaways
strike at the limiter. One can speculate that these runaways
come from the centre of the plasma and are able to do so because ﬂ

of a magnetic ergodization induced by the internal disruption.

III.3 Observations of runaways in high-density external dis-
ruptions I

Because of its great importance, particularly for the high-
density case, the disruption phase has been extensively studied
in Pulsator. These investigations were reported at the IAEA-Con-
ference in Berchtesgaden (1976) /28/. In order to classify our

recent observations, it seems suitable to give a brief summary

of those previous measurements and interpretations: In Fig. 20
we show various signals for a time interval of 0.5 ms around

the disruption. The lower half of the picture shows soft X-ray
signals (surface barrier diodes) for different chords. In the
upper half we see from above to below: the plasma current, two
traces of the loop voltage (the first with low and the second with
high sensitivity), hard X-ray pulses from the limiter (observed
at 900) » and two signals from Mirnov coils showing the activity
of the m=2 mode. The disruption itself is characterized by a
large negative voltage spike and is accompanied by a drop of

the temperature, deduced from the central soft X-ray signals.

In most cases only a single burst is observed, but there are
others where up to five bursts, synchronized with the m = z
oscillation, appear. Usually, after the first disruption con-
secutive disruptions occur, separated from each other by about
200 us. However, no hard X-ray bursts are observed in these
subsequent disruptions.

E =



From these observations and some additional information from
pick-up coils the following interpretation was derived: A few
ms before the disruption, the m=2 mode couples with the m=1
mode and the coupled system performs a uniform toroidal rota-
tion with a frequency of typically 15 kHz. The amplitudes of
both modes slowly increase and so, consequently, do the magne-
tic islands associated with them. The disruption is initiated

by the touching of the two islands. At this time particles from
the inside of the plasma can reach the outside just by following
the magnetic field lines. The drift surfaces of the runaways are
displaced outward. Therefore the runaways are preferentially lost
- at the outer part of the limiter - when the rotating islands
intersect the midplane of the torus. As the perturbation grows
deeper and deeper layers of runaways are depleted at each rota-
tion of the system (leading to several bursts). This depletion
is already completed at the time of the negative voltage spike.
Moreover, a major loss of thermal particles immediately before

the negative voltage spike sets in.

Our previous experimental findings have been generally confirmed
by more recent measurements made with the double system shown

in Fig. 16. Indeed, a hard X-ray burst is always observed pre-
ceding the negative voltage spike, which indicates the disrup-
tion. Frequently this first observable voltage spike is much
smaller than the consecutive ones, as can be seen from Fig. 21b.
In some cases these subsequent voltage spikes are also corre-
lated with weak X-ray bursts, but generally only one burst is
observed. The main burst is always simultaneously seen from both
the outside and inside parts of the limiter with approximately
equal intensities which, however, does not necessarily mean that
the runaway fluxes are equal (see below). An example of such a
measurement is shown in Fig.2la, where the burst appears about
200 mus (typical values are 50 ms) prior to the negative voltage

spike (showing cut-off due to finite range of transient recorder).
Pulses due to single photons within the burst can be distinguished,

though some pulses slightly overlap. The highest photon energies
for disruptions occurring at t= 110 ms have been found to be

~10 MeV for both the outside and the inside channels. This fits




quite well to the assumption of a free fall acceleration of
1
runaways UT=(%+% At/t')2-1)m0c2, with T'=3 ms) being produced

at to==50 ms, i.e. immediately before the runaway production

rate is assumed to be quenched. For the interpretation of the

intensities observed in the two channels the different attenua-

tions must again be taken into account (see Sec. III.2.4). In

Table I we give the transmission values 7(k) =exp [—{/ui(k)/:ixﬂ

for the limiter outside and inside channel (with 3 cm lead

in front of the detector apertures) and, in addition, the cal-

culated photon yield of T= 10 MeV electrons for e =0° and

6=12° of a thick tungsten absorber /23/. Because of the much

stronger attenuation in the limiter outside line, we conclude

that also at the disruption most runaways hit the limiter out-

side. The question whether there is runaway bombardment of the

limiter inside at all, or whether the observed intensity is purely |
due to scattering in the torus structure cannot be definitely f
answered. 1

It is important to have an idea how many runaways hit the limiter 'l
during a disruption burst. This number can be roughly estimated

by means of eq. (16), using the second last and last lines of

Table I as well as ~ 0.65 for the integration over the photon

energy in eq. (16b). Integrating eqg. (16a) over the time interval

of the burst, we get a relation between the number of runaways

AN and the number of pulses occurring in the outside detector

AN . With aN_~ 10, 442=1.6 - 10-6 ster and ¥~ 0.5 we obtain

xaNr==5 - 1010, As there are no runaways to be observed later

on, A.Nr is identical with the total number of runaways Ntot
in the torus at the time of disruption (t =110 ms). Comparing this
value with the calculated number at t =50 ms (see Fig. 9) a run-
away confinement time of 6 ms is obtained. With regard to the
various inaccuracies, this value is in rather good agreement

with the 10 ms found in Sec. III.2.3. The current carried by

the runaways at the time of the disruption I.=e - c-Nr/Z?TRO =

= 0.5 A is completely negligible. This confirms our previous as-
sumption that the runaway burst does not induce the disruption,

but is merely its first indication.



In addition to the X-ray pulses and the loop voltage, we

show the derivative of the plasma current in Fig. 21a. This

signal is available with a high time resolution (~ 7 ps) as
measured with a Rogowski coil inside the liner. As can be

seen from the polaroid, there is a current increase of ap-
proximately 150 A associated with the X-ray burst. Obviously,

this increase cannot be attributed to the runaway loss at the
limiter since in this case a decrease rather than an increase

of the current is to be postulated. Indeed, a current decrease

of a fraction of Ir (we estimate AIr/Ir~ 0.3) should show up

in a time much smaller than the skin time (~5 ms) because of

the differences in the inductances of the runaway current (being

a surface current at the time of limiter quenching) and the plasma
current. Hence, the observed current increase must be of totally
different origin. A possible reason might be a sudden broadening
of the current density profile leading to a decrease of the plasma
inductance. Assuming poloidal flux conservation at the plasma
centre onl(rzo)::Ip . Lp(r==0), the plasma current has to go

up, and outside of the plasma a decrease of the loop voltage is

to be measured.

IV. Conclusions

It is found that during the current build-up phase many run-
aways are produced. They can only gain relatively low energy
because they are poorly confined. Enhanced losses of runaways,
associated with bombardment of the wall, are observed at high
integer values of the safety factor. Trapping of runaways in
the local magnetic mirrors is a possible but still question-
able explanation of the wall bombardment since in the case of
Pulsator the magnetic field ripple is only 0.3 %. Whatever the
reason for the wall bombardment may be, one has to realize that

this process may introduce impurities into the plasma.




The initial phase ends with a minimum in the hard X-ray inten-
sity at about 15 ms. Thereafter the intensity increases owing
to the increase of the runaway production rate up to the time of
the gas input. After the gas input the runaway production is
quenched and the hard X-ray intensity decreases exponentially.
The intensity profiles are strongly peaked in the centre and
the characteristic energy of the spectra increases towards the
boundary. Comparison of normalized intensities with calculated
intensities yields the loss rate of runaways. Assuming a con-
finement probability according to exp [—-(t-— to) /'C'r] (where tO
is the time of birth), the loss can be expressed in terms of
the runaway confinement time Tr- T}'»10 ms is deduced from the

comparison between theory and experiment.

The runaway loss is also observable at the limiter when the
radiation becomes sufficiently energetic. We find enhanced
losses at the time of the gas input and later on a correlation
of the hard X-ray limiter radiation with the saw-tooth oscilla-
tion of the internal disruptions. Most of the runaways are lost
at the limiter outside, as predicted by the orbit shift model.
This model does not, however, describe the mechanism by which
the particles are driven from the plasma centre to the boundary

layers.

The main disruption shows many similarities to the internal dis-
ruptions and appears in some way as a very strong internal dis-
ruption. On the other hand,there is no temporal correlation bet-
ween the main disruption and the preceding internal disruption:
Frequently, the main disruption occurs immediately after an
internal disruption. In contrast to the internal disruption we
always observe a burst of hard X-rays preceding the drop of temp-
rature.

Furthermore, it is observed that the radiation burst at the dis-
ruption coincides with an increase of the plasma current, which

can be explained by means of flux conserving arguments, in terms



of current profile broadening. Applying the same arguments
to the initial phase, the positive voltage spikes and the
negative jumps of the current can be attributed to shrinkage
of the current profile. In both cases MHD or resistive in-
stabilities, causing radial heat and particle transport by
island formation (Ref. /11,12), are considered to be the

driving mechanisms.

A possible - but not the only conceivable - interpretation

of the observed imperfect confinement of the runaways is a
radial ergodization of the magnetic field lines: Generally,
this ergodization is very weak and the particles can perform
several million toroidal turns before impinging on the limiter
or the wall of the vessel. Under the influence of MHD and re-
sistive modes, however, the ergodization in some domains of
the torus may be considerably increased so that part of the
runaways are already lost after a few thousand or even fewer
revolutions.
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photomultiplier

-3"x3"Nal crystal
———— exchangeable aperture

swivel-mounted

shlugl%?ng detection system
fem ~—hard x-rays
(EJ > 10keV)
otm 019
A\\\\\\\%leod shielding
for limiter radiation
Be window
(1,5mm) torus axis
plasma

diagnostic shaft

(1em width) | movable rod
with W-sphere
Fig.1: The hard X-ray diagnostic systems for the investi-

gation of plasma bremsstrahlung.
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Fig.2: The initial phase of the discharge.
a) Plasma current, loop voltage and hard X-ray

pulses.

b) Derivative of plasma current and loop voltage
with higher time resolution showing spikes at

integer values of the safety factor.
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Fig.3: Log-log plot of plasma current, mean electron den-

sity, and normalized oxygen intensities from which
the first three values of the electron temperature
have been estimated /3/. The Te = 400 eV point has
been obtained by laser scattering.
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Fig.4: Spectra for the time interval 0.5 -3 ms.
a) without,

b) with tungsten sphere in position. (The peaks
around 25 keV could not be identified).



Fig. 5a

Fig. Sh

COUNTS 10-40ms

= withW-sphere
400 - /MO“K“
300
200 —
100
0 T T T | | T T T T

0O 10 20 30 40 50 60 70 80 90
200 COUNTS

UN
40-70ms
B with W-sphere
Mo -K

400 - e
300
200
100
0 T | T | T T T | I

0O 10 20 33V 40 50 60 70 8 9N

Fig.5: Spectra with the tungsten sphere in position.

a) 10 - 40 ms
b) 40 - 70 ms
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Fig.6: X-ray burst from the tungsten sphere showing W-K,-

radiation.
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Fig.7: The four parameters defining the runaway production

as a function of time.
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Fig.8: Profiles of the runaway production rate calculated

from Thomson scattering data.
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runaways versus time with the runaway confinement time

as a parameter. Also given: the minimum kinetic energy,
the runaway current and energy contents at 85 ms.
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Fig.10: X-ray intensities for 50 keV photons versus time with

the chord distance as a parameter.
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Fig.11: Measured and theoretical intensity profiles for 50 keV
photons.
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Fig.12: The characteristic energy of the spectra versus time

with the chord distance as a parameter.
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Fig.13: The bremsstrahlung cross-section for & = 90° as a func-

tion of kinetic energy with the photon energy as a para-
meter (solid lines with, dashed lines without Elwert
correction).
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Fig.14: Bremsstrahlung cross-section for 50 keV-photons and

characteristic energy versus electron kinetic energy.
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Fig.15: The normalized intensity for 50 keV photons in comparison
with theoretical results for wvarious values of the run-

away confinement time.
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Fig.17: X-ray pulses as a function of time obtained with set-up

shown in Fig.16.
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Fig.18: Hard X-ray intensity (kz 500 keV) and derivative of

plasma current as a function of time.
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Fig.19: Saw tooth oscillation of a surface barrier diode looking
to the plasma center and hard intensity (k2 1 MeV) of
limiter radiation showing inverse saw tooth (1 ms inte-

gration time)
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Fig.20: A time interval of 500 ,us at the disruption.
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Fig. 21b

Fig.21: The disruption seen in high (a) and low (b) time

resolution.
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