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Spectra of Heliumlike Krypton from Tokamak Fusion Test Reactor Plasmas
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Experiments were conducted on TFTR to study the radiation of krypton which will be important for
future tokamaks, such as ITER, for the diagnostic of the central ion temperature and for the control of
the energy release from the plasma by radiative cooling. The total krypton radiation was monitored, and
satellite spectra of Krxxxv were recorded with a high-resolution crystal spectrometer. Radiative cool-
ing and reduced particle recycling at the plasma edge region were observed, in reasonable agreement
with modeling calculations which included radial transport.

PACS numbers: 52.20.Hv, 52.25.3m, 52.70.La

Given the large plasma volume (500 m ) and stored
energy (600 MJ) specified for the International Ther-
monuclear Experimental Reactor (ITER) [1], the opera-
tion of ITER will face two major problems: (1) measure-
ment of the central ion temperature T;(0) and (2) con-
trol of the energy release from the plasma under
quasicontinuous conditions with pulse lengths ~ 1000 s.
To reduce the heat load on the plasma-facing com-
ponents, it has recently been proposed to inject high-Z
impurities into the plasma which can provide radiative
cooling of the plasma edge region at a rate of 100 MW
[2]. The most likely candidate is krypton, because it is
chemically inert and easily injected in controllable
amounts. Krypton can be used to solve both aforemen-
tioned problems: the radiation from the high charge state
of heliumlike krypton, which will be the dominant state of
ionization in the hot core of the plasma for the projected
central electron temperatures of 10-30 keV, can be used
for Doppler broadening measurements to determine
T; (0), and the lower charge states of krypton can provide
the required radiative cooling of the plasma edge and the
divertor regions. In order to explore the potential of this
experimental approach, it is necessary to study eA'ects of
the krypton injection on the plasma performance on
present-day large tokamaks and to obtain accurate atom-
ic physics data for all the krypton charge states [from
theoretical calculations and experiments on atomic phys-
ics facilities like electron beam ion traps (EBIT)], since
these data will be needed for plasma simulation calcula-
tions to predict the eA'ects of radiative cooling. Another
experimental challenge is the development of eScient
crystal spectrometers at wavelengths of 0.95 A, since the
high spectral resolution (k/hX ~ 10000) needed for

Doppler broadening measurements may only be obtained
in second-order Bragg reflection at the expense of a
significant reduction in crystal reAectivity. In order to
address these questions, which are crucial for the ITER
performance as well as for the diagnostic of the central
parameters of ITER plasmas, the International Atomic
Energy Agency (IAEA) has recommended establishing
an atomic physics database on krypton [3]. In this paper
we present results from krypton experiments on TFTR.
These experiments made it possible to study the perfor-
mance of TFTR plasmas with krypton injection and to
obtain high-resolution spectra of heliumlike krypton,
KrXXXV.

The experiments were conducted in Ohmically heated
helium discharges with plasma currents, Iz =1.4, 1.6, and
1.8 MA, electron densities in the range from 1.5X10' to
2.5x10' m, and peak electron temperatures of 6 keV.
The radial electron temperature profiles varied from a
very peaked profile for Iz =1.4 MA to a wide profile for
Ip =1.8 MA (see Fig. 1). Krypton was injected via a gas
puff' at the edge of these discharges at a rate of 0.2-0.35
Torr liter/s for time intervals of 0.2-0.25 s, after the plas-
ma had reached steady state conditions. A survey spec-
trum of the emitted x-ray radiation from a discharge with
I~=1.8 MA is shown in Fig. 2(a). The measurements
were performed with the TFTR x-ray pulse height
analysis (PHA) system [4]. The spectrum consists of a
bremsstrahlung continuum and Ke-line radiation from
various ions. The peak at 13 keV includes the Ka-line ra-
diation from all the krypton charge states, since the ener-

gy resolution of the PHA system is only 230 eV. Figure
2(b) shows the observed time evolution of the brightness
of the krypton Ka-line radiation for the investigated
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FIG. 1. Radial profiles of the electron temperature of Ohmi-
cally heated TFTR plasmas with different plasma currents: (a)
Ip =1.4 MA and (b) 1~ =1.8 MA, from laser Thomson scatter-
ing.

discharges. From a further analysis of these PHA data,
it is found that the total krypton density was —0.1% of
the electron density at the time of the maxima shown in

Fig. 2(b). Measurements of the total radiated power
were performed with the TFTR bolometer array [5] and
are sho~n in Fig. 3. The additional total radiated power
due to the krypton injection decreased from I to 0.6 MW
for discharges with Ip =1.4 MA and Ip =1.8 MA, respec-
tively, even though in the latter case a larger amount of
krypton was injected, whereas the krypton Ka radiation
increased for increasing values of Ip [see Fig. 2(b)].
These results suggest that, for the broader electron tem-
perature profiles obtained with Ip =1.8 MA, the ioniza-
tion equilibrium was shifted to the higher charge states,
which emit significantly less line radiation than the lower
states of ionization [6].

Predictions of the krypton ion charge state distribution
and the radiated power profile were made using the MlsT
impurity transport code [7]. The modeling calculations
were based on measured profiles of the electron tempera-
ture and density, the measured total krypton density of
0. 1% of the electron density, and a constant diffusion
coe%cient of D =1 m /s for all the krypton charge states.
The following results were obtained: (1) The radial dis-
tribution of the krypton ion charge states was distinctly
different for the three discharges, e.g. , the central densi-
ties of KrXXXv were 0.4 10' m for Ip =1.4 MA and
2.0&&10' m for 1~ =1.8 MA. (2) The calculated radi-
al emissivity profiles of the total krypton line radiation
were peaked for Ip =1.4 MA, but hollow for Ip 1,8 MA;
and the central emissivities were distinctly different, e.g. ,
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32 and 8 kW/m, respectively. (3) The calculated
brightness of the heliumlike Ke radiation was 3X10'
cm s 'sr ' for Ip =1.8 MA or 3% of the measured
Ka brightness shown in Fig. 2(b). (4) The total radiated
power obtained from the volume-integrated krypton line
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FIG. 3. Total radiated power for (a) 1~ =1.4 MA and (b)
Ip l ~ 8 MA. The dotted lines represent data from comparison
discharges without krypton injection.

FIG. 2. (a) Survey spectrum of the x-ray radiation from a
discharge with 1~=1.8 MA. (b) Brightness of the krypton Ka
radiation as a function of time after the krypton injection.
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emissivities was dP„,d=0.96, 0.81, and 0.46 MW for
Ip 1 4 1,6 and 1 8 MA ln reasonable agreement with
the bolometer measurements. The result (2) may explain
the measurements of the electron cyclotron emission
(ECE), that showed a noticeable drop of the central elec-
tron temperature, AT, (0)——0.5 keV, during the injec-
tion of krypton for I~ =1.4 MA, but AT, (0)—0 for
I~ =1.8 MA. Thus, in the latter case, the injected kryp-
ton did not perturb the core of the plasma. For all
discharges, the ECE measurements showed a reduction of
the edge electron temperature at R =3.30 m by 10% to
20% during the injection of krypton. This radiative cool-
ing of the edge plasma was correlated with a reduction of
the particle recycling between the wall and the edge plas-
ma as indicated by a density decrease of 5% to 10% at
R =3.30 m and a reduction of the edge-emitted carbon
and Ha light by more than 50%.

High-resolution spectra of krypton, which were used to
test the feasibility of Doppler ion-temperature measure-
ments, are shown in Fig. 4. The spectra were recorded
with the TFTR vertical crystal spectrometer [8] using a
2023-quartz crystal (with 2d =2.7497 A and a curvature
radius of 11.43 m) in second-order Bragg reflection at a
Bragg angle &=43.7' to obtain a high spectral resolution
of k/dX =12000. The detector, a position-sensitive mul-
tiwire proportional counter (MWPC) with xenon as
detector gas, was covered by aluminum foils [9] to at-
tenuate the 6.5 keV photons, which were emitted from
the bremsstrahlung continuum with a comparable or
higher intensity than the 13 keV photons of interest [see
Fig. 2(a)] and which were reflected in first order. The
entire Kr XXXV spectrum, which includes the helium1ike
lines w, x, y, z and the associated lithiumlike, beryllium-

like, and boronlike satellites, could only be observed from
discharges with broad electron temperature profiles and is

shown in Fig. 4(b). The spectral features have been
identified using the instrumental dispersion and theoreti-
cal wavelengths from Ref. [10] and new HULLAC code
calculations [11],and they are listed in Table 1 with the
key letters according to Gabriel's notation [12]. We note
that the lithiumlike and berylliumlike satellites are much
closer to the resonance line w than in the previously stud-
ied spectra of heliumlike TiXXI, CrXXIlt, FeXXV, and
Ni XXVII [8] as a result of Z-dependent wavelength shifts
[13]. The forbidden line z is isolated and therefore well

suited for Doppler broadening measurements, ~hereas
the resonance line w seems to be blended with unresolved
n ) 3 satellites [14] and requires substantial corrections
for ion temperature measurements. Indeed, least squares
fits of single Voigt profiles to the lines z and w provided
ion temperature values of 2.5 and 6.5 keV, respectively.
The T; value obtained from the line z is in reasonable
agreement with the value of T;(0) =2.3 keV, which was

simultaneously measured from the FeXXv resonance line
with a diA'erent channel of the TFTR vertical crystal
spectrometer. The broadening due to n ~ 3 satellites
should be significantly reduced for electron temperatures
of T, ~ 10 keV expected in ITER. The brightness of the
heliumlike radiation on ITER will be 4 orders of magni-
tude larger than in the present experiments, according to
MtST code modeling calculations which assumed an elec-
tron temperature of 20 keV, a density of 1x10 m

and a fractional krypton abundance of 0.1% [15]. Under
these conditions, the count rate for the line z wou1d in-

crease from the current value of 60 to 3&10 s ', if the
present spectrometer were used. This count rate is

sufficient for time-resolved temperature measurements
with a resolution & 50 ms. The fractiona1 krypton abun-
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TABLE I. Theoretical wavelengths for the transitions in

heliumlike krypton, Krxxxv, and the main n =2 satellites.
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FIG. 4. Krypton Ka spectra measured by the TFTR vertical
crystal spectrometer with a vertical sightline through the center
of the vacuum vessel at R0=2.65 m. The data were accurnulat-
ed (a) from 6 nearly identical Ohmic discharges with I/, =1.4
MA, and (b) from 18 nearly identical Ohmic discharges with
lp = 1,8 MA.
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dance in ITER could therefore be reduced to less than
0.1% of the electron density. We also note that the
throughput of crystal spectrometers could be further im-

proved by using doubly focusing crystals and more
eScient detectors for the 13 keV photons.

In conclusion, experiments were performed on TFTR
to explore the eA'ects of krypton on the plasma perfor-
mance and to study the emitted line radiation of krypton,
which is of interest for future tokamaks, such as ITER,
both for the diagnostic of the central ion temperature and
for the control of the energy release from the plasma.
Bolometer measurements of the total radiated power and
measurements of the krypton Ke-line radiation indicate
that the spectrum of the emitted krypton radiation de-
pends very sensitively on plasma parameters, such as the
electron temperature profile. A high-resolution crystal
spectrometer was used to measure the line radiation of
the heliumlike, lithiumlike, and berylliumlike krypton
charge states in second-order Bragg reflection. Although
heliumlike krypton was only marginally present in all in-
vestigated cases, it was possible to record the entire satel-
lite spectrum of KrXXXv. The forbidden line z appears
to be free from satellites and therefore well suited for
ion-temperature measurements. The injection of krypton
also produced a decrease of the plasma edge electron
temperature and density, indicating eA'ects of radiative
cooling and reduced particle recycling. Modeling calcu-
lations of the krypton ion charge state distribution includ-
ing transport eAects and calculations of the total power of
the emitted krypton line radiation are in reasonable
agreement with the observations. Comparison of the
present results with quantitative estimates of the signal
strengths from ITER indicate that the count rate for the
line z will be suScient for time resolved ion-temperature
measurements with a resolution of 50 ms at krypton den-
sities less than 0.1% of the electron density. These
amounts of krypton will provide edge cooling at a rate of
—100 MW without perturbing the core of ITER plas-
mas. In order to determine the eAects of krypton radia-
tion for diAerent experimental conditions on ITER and to
develop the injection of krypton as a tool for the control
of the energy release and diagnostic of central plasma pa-
rameters on ITER, theoretical atomic physics studies, ex-
periments on atomic physics facilities, and further
tokamak experiments are needed. These first experimen-
tal results from TFTR should stimulate further research
in these areas.
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