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Measurement of the radiative cooling rates for high-ionization species of krypton
using an electron beam ion trap
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P. Beiersdorfer
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~Received 18 June 1999!

We describe a measurement of the radiative cooling rate for krypton made at the Berlin electron beam ion
trap ~EBIT!. The EBIT was tuned to a charge-state distribution approaching the ionization balance of a plasma
at a temperature of about 5 keV. To determine the cooling rate, we made use of EBIT’s capabilities to sample
a wide range of electron-beam energies and distinguish between different radiation channels. We have mea-
sured the x-ray emission from bremsstrahlung, radiative recombination, dielectronic recombination, and line
radiation following electron-impact excitation. The dominant contribution to the cooling rate is made by the
n5322, n5422, . . . x rays of theL-shell spectra of krypton, which produce more than 75% of the total
radiation loss. A difference with theoretical calculations is noted for the measured total cooling rate. The
predicted values are lower by a factor of 1.522, depending on the theoretical model. For our measurement of
the cooling rate, we estimate an uncertainty interval of 22230 %.

PACS number~s!: 52.25.Nr, 32.30.Rj, 34.80.Lx, 34.80.Kw
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I. INTRODUCTION

For the future large tokamaks, such as the Internatio
Thermonuclear Experimental Reactor~ITER!, control of the
energy release from the plasma is among the most cri
issues for successful operation. Estimates and modeling
culations show that, for ITER conditions, neutral hydrog
losses are not large enough to limit the heat load on
plasma-facing components to technically tolerable val
@1#. Thus, additional radiation losses from impurities are
quired, ideally resulting from precisely controlled admixtur
of recycling gases. In the search for an appropriate candi
for cooling purposes, krypton has been recently propo
because it is expected to provide radiative cooling of
edge region at a rate of the order of 100 MW without p
turbing the core of the ITER plasma@2#. First results from
krypton experiments at the Tokamak Fusion Test Rea
~TFTR! have demonstrated the success of radiative coo
in decreasing both the electron temperature and densit
the edge plasma@3,4#. In a recent study at the TFTR, con
trolled krypton puffing was used for heat dispersal show
that, at reactor-plasma conditions, a substantial portion of
input power~up to 75%) can be exhausted by radiation@5#.
Also, the confinement of the plasma and the integrated
sion power was improved in these experiments relative to
levels without krypton injection.

In addition, for ITER plasmas, krypton is also consider
a promising candidate for x-ray diagnostic measurement
determine the central ion temperature@3,6#. The electron
temperatures in ITER plasmas are expected to be in the r
of 10–30 keV. Unlike lower-Z elements, such as Fe and N
used on present-day tokamaks, krypton will not be fu
stripped in the hot plasma core, so that itsK-shell radiation
can still be observed under such high-temperature pla
conditions. From our ionization-equilibrium calculations, f
example, we infer that H-like Kr351 and He-like Kr341 are
PRE 611063-651X/2000/61~2!/1966~9!/$15.00
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the dominant charge states for electron temperaturesTe from
10 to 30 keV contributing more than 70% to all of the io
ized krypton atoms.

For the understanding and modeling of the effects of
jecting krypton into tokamak plasmas, knowledge of t
atomic physics data for all of the ion species encountere
the plasma is required. The main interest at the present
is in the radiative cooling rates, which are needed to pre
the power radiated from the high charge states of krypt
Relating to calculated cooling rates, the most extended
sults are given in Ref.@7# where 47 elements, including
krypton, were treated within the framework of the averag
ion model. A more recentab initio calculation for mid- and
high-Z elements was performed in@8# using the multicon-
figuration relativistic Hebrew University Lawrence Live
more Atomic Code~HULLAC ! package. The results for kryp
ton show major discrepancies with the previous calculati
@7#, but provided a much better agreement with a recent
periment@9# where the cooling rates were measured at
Frascati Tokamak Upgrade~FTU! as a function ofTe rang-
ing from 0.1 to 1.7 keV. In order to extend the cooling rat
to the high-temperature conditions of future tokamaks m
surements are required employing yet other experime
techniques.

In this paper, we describe a measurement of the radia
cooling rates for high-ionization species of krypton at t
Berlin electron beam ion trap~EBIT! facility. EBIT uses a
nearly monoenergetic, magnetically compressed elec
beam for the excitation of the ions and has the advant
over hot plasmas that specific electron-ion interactions
be easily identified in an EBIT spectrum. The appropria
technique for observing the radiation from the ions in EB
is to create a particular ion population at one energy and t
probe the ions by fast scans of the beam energy. For
present investigation, we have tuned the EBIT to an
population approaching the ionization balance of a plasm
1966 ©2000 The American Physical Society
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PRE 61 1967MEASUREMENT OF THE RADIATIVE COOLING RATES . . .
an electron temperature of about 5 keV. The preselected
population was sampled by linear sweeps of the beam en
extending from about 1 to 25 keV. This is the proper ran
to generate theK-shell, L-shell, andM-shell spectra of the
highly charged krypton ions as well as to exciteKLn and
LMn (n52,3, . . . ) dielectronic resonances. We determin
the radiative cooling rates by measuring the x-ray emiss
as a function of both the beam energy and x-ray ene
normalizing the measurements relative to the intensity
photons from radiative recombination at a fixed referen
energy, generating spectra of x-ray intensity versus be
energy for the different radiation processes and taking
Maxwellian average corresponding to the value specified
Te . Unlike previous experiments on tokamak plasmas,
EBIT measurement can distinguish between the different
diation channels that contribute to the cooling rates. Mo
over, the abundance of impurity ions in a tokamak plasm
influenced by radial transport, and it is difficult to separa
transport processes from atomic processes in the study o
radiation from impurity ions. In addition, the spectra fro
tokamak plasmas are averaged over a range of electron
peratures and densities and require inversion into local e
sion coefficients using routines of established accuracy.
present measurements avoid these experimental difficult

The paper is organized as follows. First, in Sec. II,
outline the plasmaphysical background of the present inv
tigation and explain the experimental approach used for m
suring radiative cooling rates. In Sec. III, we focus on t
experimental setup at the EBIT device, and in Sec. IV
present the results of our measurements. In Sec. V, we
the radiative cooling rates and make a comparison with
oretical predictions. Finally, in Sec. VI, we summarize t
results and draw conclusions.

II. THEORETICAL CONSIDERATIONS AND METHOD

A useful approximation to describe the ionization stru
ture and the radiation of impurity ions confined in low
density, high-temperature plasmas is the steady state co
equilibrium model. According to this model, the numb
densities of two adjacent charge states are related throug
balance between the ionization and recombination rates,

nZ,qSZ,q5nZ,q11RZ,q11 , ~1!

whereSZ,q is the ionization-rate coefficient from the ion o
charge stateq to charge stateq11, and RZ,q11 is the
recombination-rate coefficient from the ion of charge st
q11 to charge stateq. Z designates the nuclear charge of t
ion species (Z536 for krypton!. RZ,q11 in Eq. ~1! is due to
both radiative and dielectronic recombination, and we po
out that the radiative recombination rates drop rapidly w
increasing temperature causing dielectronic recombinatio
become increasingly important under tokamak plasma c
ditions. In the coronal approximation, the specific powerPrad
radiated by the impurity ions is given by

Prad5nenZLZ~Te!. ~2!

Here,ne is the electron density,nZ5(qnZ,q is the total den-
sity of the atomic speciesZ, andLZ(Te) is the cooling rate
~sometimes this quantity is called radiation function!. The
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cooling rate is a function only of the electron temperatureTe
and gives the energy loss per free electron and per ion
duced by all radiative processes. For the calculation
LZ(Te), account has to be taken for the contributions fro
bremsstrahlung, radiative recombination~RR!, line radiation
following impact excitation~IE! by electrons, and dielec
tronic recombination~DR!. We can use the fractional abun
dances of the ion charge statesxZ,q(Te)5nZ,q /nZ , where
(qxZ,q(Te)51, and expressLZ(Te) as

LZ~Te!5(
q

xZ,q~Te!LZ,q~Te!, ~3!

showing thatLZ(Te) is obtained as weighted sum of the rat
for all ions. There is of course a large number of expressi
in the literature allowing to generate theoretical rates for d
ferent species with all degrees of ionizations needed~see,
e.g., Refs.@7# and@10#!. However, because of the uncertai
ties of many of the input atomic data, the rates are of vary
degrees of reliability, often not accurate to better than a f
tor of two. We thus refrain from giving detailed rate formu
las here, but emphasize the general expression defining
cooling rate for a plasma:

LZ,q~Te!5E
0

`

^ves rad&hn d~hn!, ~4!

where

^ves rad&hn[(
k
E

0

`
A2E/mes rad,k~Z,q,E,hn! f e~E,Te! dE.

~5!

Here, f e(E,Te) is the distribution of the electron energie
which is assumed to be Maxwellian,h is the Planck constant
and me , ve , and E are the electron’s mass, velocity, an
energy, respectively.s rad,k(Z,q,E,hn) is the cross section
for the specific electron-ion interaction (k5 IE, RR, etc.!,
andhn is the energy of the photon emitted as a result of
collision process. If other transitions besides single-step
diative decay are possible, the cross section in Eq.~5! is to be
summed over the various decay channels, with the appro
ate branching ratios as weight factors. In particular, this
necessary if higher-energy levels are populated by IE o
electron capture into high-n shells takes place in the cours
of radiative or dielectronic recombination.

We turn now to the description of the technique used
determine radiative cooling rates from x-ray measureme
involving the EBIT apparatus. For simplicity, we first ne
glect the effects of the nonisotropic x-ray emission in EBI
although we make corrections for them in the final analys
As already mentioned, the measurement scheme is base
a steady-state ion population, which is probed by fast sc
of the beam energy. LetL represent the set of all the EBIT
operating parameters that govern the ion population in ste
state. Then, when scanning this population by sweeping
beam energyE, the rate at which photons of energyhn are
radiated from the trap into the solid angleDV is given by
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1968 PRE 61R. RADTKE et al.
I hn~E!5
j e

e
NZ~L!

DV

4p (
k

(
q

x̄Z,q~L! s rad,k~Z,q,E,hn!.

~6!

Here, j e is the effective current density of the electron bea
which is fixed in the present experiment, ande is the charge
of the electron.NZ(L) is the total number of ions in the
beam andx̄Z,q(L) is the fractional abundance of the ion
charge stateq averaged over the beam volume. Again, t
sum overk represents the combined effects of all possi
electron-ion interactions, withs rad,k(Z,q,E,hn) the corre-
sponding cross sections. It is important to stress that
EBIT experiment enables us to obtain thex̄Z,q(L) from
x-ray spectroscopic measurements. A description of the m
surement scheme is given in Sec. III. Unfortunately, ther
no reliable way to determine the number of ionsNZ(L) and
the effective current densityj e . However, instead the com
bined factorF, where

F5
j e

e
NZ~L!

DV

4p
, ~7!

can be obtained in the course of the normalization proced
and x̄Z,q(L) determination.DV in Eq. ~7! is the solid angle
subtended by the solid-state detector used for the x-ray m
surements;DV/4p'3.831024 in our experiment. If we
scan the ions over a large energy range (Emin!kTe!Emax)
and record at the same time the x-ray spectrum emitted
ing the scans, then it is possible to integrateI hn(E) over both
the beam energy and photon energy and evaluate the fol
ing quantity:

LZ~L,Te!5
1

FE0

`E
0

`
A2E/meI hn~E! f e~E,Te! dE d~hn!.

~8!

For conditions where the steady-state ion population in EB
approaches the ionization balance of a plasma, i.e., for

x̄Z,q~L!'xZ,q~Te!, ~9!

Eq. ~8! is a function only of the electron temperature a
corresponds to the expression for the radiative cooling
given by Eq.~3!. Equations~8! and~9! form the basis for the
measurements presented in this paper. We note that, i
EBIT experiment, a scatter plot of x-ray energy vers
electron-beam energy can be created for the x rays obse
permitting to isolate specific electron-ion interactions@indi-
cated by different indicesk in Eqs.~5! and ~6!#.

It is worth stressing that, in practice, it is not necessary
carry out theE andhn integrations in Eq.~8! from zero to
infinity. The reason is that, for the krypton ions of prese
interest~C-like Kr301 to He-like Kr341), the overwhelming
contribution to the cooling rate is made by the radiation
the x-ray region above roughly 500 eV. Further, there i
constraint in the integration overE because the effect o
AE fe(E,Te), the weight function in Eq.~8!, is significant
only in a fairly limited energy interval, depending on th
value specified forTe .
,

e

is

a-
is

re

a-

r-

w-

T

te

an
s
ed

o

t

a

III. EXPERIMENTAL SETUP

EBIT employs an electron beam to produce, confine, a
excite highly charged ions. The electron beam is formed
accelerating and guiding electrons from an electron gun
the trap region, consisting of an assembly of three drift tub
As the electrons pass through the trap region, the beam
compressed to a diameter of about 70mm by a 3-T magnetic
field. Atoms injected into the trap are successively ioniz
and radially confined by the space charge of the elect
beam. Axial confinement is provided within a 2-cm-lon
trapping region by the two end-drift tubes, which are bias
positive with respect to the center-drift tube. For the pres
measurements, neutral krypton atoms were continuously
into the trap from a differentially pumped gas injector a
ionized by a 26-mA-current electron beam. The relative
low electron current was used to fulfil the requirements
the EBIT operating with low voltages applied to the dr
tubes.

The x rays were observed at 90° to the beam direct
using a solid-state Ge detector. The detector is coupled to
same vacuum as the EBIT and operates windowless to
tend the spectra down to the sub-keV x-ray range. Furt
the receiver of the detector is moved closer to the trapp
region ~minimum distance from the EBIT center: 7 cm! al-
lowing to collect photons in a larger solid angle.

The experiment was performed in several steps. At fi
the fractional abundances of the highly charged krypton i
were determined from theKLL dielectronic-excitation spec
trum following the procedure described in Ref.@11#. In es-
sence, the method consists of finding the best fit between
measured and predicted DR excitation spectrum where
charge-state balance and the electron-beam energy width
the fitted parameters. To measure theKLL resonance for the
trapped ions, we used the same data acquisition setup
similar voltage and timing patterns as in Ref.@11#. In our
measurement scheme, the ions were probed 3 s after closing
the trap by switching the electron-beam energy from the i
ization energy (Eion510.5 keV) to 8.6 keV and then sweep
ing it within 20 ms through theKLL resonance~1.5 keV
sweep interval, 75 eV/ms sweep rate!. This switch-sweep
procedure was repeated every 120 ms for a period of ab
0.6 s, after which the trap inventory was dumped to prev
the accumulation of high-Z background ions. During the
sweeps, the beam energy and the x-ray energy for each x
detected with the solid-state detector were recorded.
probe and dump sequence was repeated many times, wit
data from each scan being added to the previous scans.

We made measurements on theKLL resonance of kryp-
ton at several different run conditions of EBIT, and the da
were analyzed in terms of the charge-state abundances
krypton. The results were then compared with the ion ab
dances obtained from our ionization-equilibrium calculatio
~see Sec. IV!. In this way, we could tune EBIT’s perfor
mance aiming for a charge-state distribution which
sembles the ionization balance of a plasma. To control
charge-state abundances in EBIT, we used the ionization
ergy and time, the axial trap depth, and the pressure in
gas injector as parameters.

Having optimized EBIT, in the main experiment we the
probe the particular charge-state distribution of trapped i
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PRE 61 1969MEASUREMENT OF THE RADIATIVE COOLING RATES . . .
by sweeping the electron-beam energy over a wide rang
energy values while observing the intensities of the emitte
rays. We used the same timing cycle to control EBIT as
the KLL resonance measurements, with the only excep
that the voltage levels were now extended from 0.9 to 25
during the 20-ms probing~1.2 keV/ms sweep rate!. At the
low end of the scan, the interval is limited by the fact that
had to maintain a constant electron current throughout
entire probing. Reducing the voltage below 0.9 keV wou
have required a substantial reduction of the electron cur
such that the rate at which photons are produced would h
been intolerably small. At the high end, we have limited t
beam-accelerating voltage to 25 kV to avoid electric bre
downs and ensure safe operation of the EBIT over the wh
run time. The impact of these restrictions on the determi
tion of the radiative cooling rates will be discussed in Se
IV and V. In order to acquire adequate statistics, spe
were generated from data recorded over a period of ab
60 h.

IV. MEASUREMENTS AND ANALYSIS

A. Fractional ion abundances

The measurement of the fractional abundances of
highly charged krypton ions was based on the x-ray spect
taken with the electron-beam energy swept over theKLL
dielectronic resonance. In the DR process via theKLL reso-
nance, electron capture of a free electron into theL shell and
concurrent excitation of the 1s electron to theL shell~or vice
versa! takes place. If the recombined ion decays to a non
toionizing state by the emission of a stabilizing photonn
5221 transition!, the DR process is complete. Figure
shows the DR spectrum for the particular ion population
selected for the measurement of the radiative cooling ra

FIG. 1. Experimental~thin line! and theoretical~thick line! DR
excitation spectrum for theKLL resonance of krypton target ions
The features labeled He, Li, Be, B, and C are the signatures o
corresponding ionic state of krypton in the excitation spectrum. T
fractional ion abundances determined through the fitting process
given in Table I. The Gaussian beam-energy width that provide
match to the observed spectrum is 36 eV full width at half ma
mum.
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~Aiming for this ion population led to the following opera
ing parameters of EBIT: ionization-beam energyEbeam
510.5 keV, ionization timet ion53 s, axial trap depth
Vaxial5100 V, pressure in the gas injectorpgas
52.731026 Pa). In addition, the theoretical DR spectru
resulting from the fit process is given in Fig. 1. For th
details on the data analysis and fit procedure see Ref.@11#.
Only the results of the analysis are presented here. As i
cated in Fig. 1, up to five charge states could be resolve
the dielectronic-recombination spectrum. The highest cha
state is He-like Kr341 in accordance with the fact that w
have set the electron-beam energy to a value below the
ization potential for this ion~17.3 keV!. The high-energy
shoulder of the resonance spectrum shows that, in addi
Li-, Be-, B-, and C-like krypton ions were detected in th
trap. The counts, which appear in the DR spectrum as ba
ground, originate from nonresonant radiative recombinat
events of electrons onto then52 shell of krypton ions. Table
I displays, for the respective charge states, the fractio
abundance determined through the fitting process. It is s
that they increase gradually with increasing charge state,
do not exhibit a substantially enhanced maximum for
He-like Kr341.

In order to compare thex(L) distribution to the ionization
balance of a plasma, we have calculated fractional ion ab
dances as a function of the electron temperature taking
relation Eq.~1! as the basis. For the ionization-rate coef
cients we used the formula proposed by Lotz@12#, with the
ionization potentials and binding energies calculated with
GRASP2 code@16#. The rate coefficients for radiative recom
bination and dielectronic recombination were calculated
ing the empirical rate formulas by Kim and Pratt@13# and by
Hahn @14,15#, respectively. We mention in this context th
the predictions from the rate formulas for dielectronic reco
bination agree with the results of our recent DR measu
ments@11# to within 12%. Based on these rate coefficien
Fig. 2 shows the charge balance for electron temperat
ranging from 1 to 100 keV. Note in Fig. 2 that the char
states between Ne-like Kr261 and He-like Kr341 cannot
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e
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TABLE I. Fractional abundances~in %! of the krypton ion-
charge states:x(L) represents the abundances obtained from the
of the experimental and theoretical DR excitation spectrum~Fig. 1!;
x(Te) represents the predictions from the steady state coronal e
librium model with kTe54.7 keV. Note that, for thex(Te) distri-
bution, C-like to He-like charge states of krypton account for mo
than 97% of the total ion population. The average ionic char
^q&5( iqixi , for thex(L) andx(Te) distributions is 32.7 and 32.5
respectively.D5ux(L)2x(Te)u is the fractional difference be
tween the measured and fitted values of the ion abundance
pressed as a percentage.

Ion x(L) x(Te) D

H-like Kr351 0.0 0.4 0.4
He-like Kr341 33.2 34.8 1.6
Li-like Kr 331 27.3 21.8 5.5
Be-like Kr321 20.0 21.9 1.9
B-like Kr311 13.0 13.2 0.2
C-like Kr301 6.5 5.6 0.9
N-like Kr291 0.0 1.8 1.8
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reach maximum populations in excess of 20–35 %, whic
in part due to the ionization potentials for these ions.

We have matched the ion abundances in EBIT to the
culated charge-state distribution by a least-squares fit.
best fit to the experimental data is obtained for the ionizat
balance corresponding tokTe54.7 keV. Table I displays the
ion abundances, and it can be seen that all charge state
reproduced rather well, except Li-like Kr331 which is under-
estimated by the fit with about 25%. However, Li-like Kr331

accounts only for 22% of all the krypton ions according
our calculation. Thus, relating to the relative charge-st
balance, this difference translates into an uncertainty of
more than about 6%. Taking the effect from all charge sta
into account, the fractional difference between the two d
tributions in Table I is about 12%. It should not be viewed
surprising that the ion abundances in EBIT cannot
matched in an arbitrarily accurate way to the charge-s
balance of a plasma. The reason is that the processes
affect the ion population in an EBIT and in a plasma are
general very different. In hot plasmas, for example, it is i
portant to account for dielectronic recombination. Our cal
lations for krypton indeed suggest that the rate at which
like or Be-like ions recombine via dielectronic processes
dominate any other rate. ForTe51 keV, for example, the
DR rate is more than two orders of magnitude larger than
ionization rate, and, although the DR rate does decre
strongly with increasing temperature, atTe55 keV, both
rates are still of equal magnitude. In EBIT, the situation
different since the electron-beam energy is normally selec
such that it does not match any dielectronic resonance~in
order not to deplete a particular charge state!. Further, taking
the nature of the EBIT into account, there are limitations
the steady-state ionization balance achievable with it du
charge-exchange recombination and ion escape from
trap. It should be noted that charge-exchange recombina
is in fact one reason why we could not enhance the frac
of the He-like krypton ions to the high level existing in pla
mas with temperatures above 4.7 keV.

It remains to present the relation from which the factorF,
defined in Eq.~7!, can be inferred from experimental dat
As outlined in Sec. II, this quantity is required to provide

FIG. 2. Fractional abundances of the krypton ion-charge st
for coronal equilibrium as a function of the electron temperatu
Only the populations between Ne-like Kr261 and Kr361, the termi-
nal charge state, are shown.
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absolute scale for the radiative cooling-rate measurem
Inspection of Eq.~6! shows that a way of determiningF is to
count the x rays emitted during a specific electron-ion int
action and relate the measurement to the cross section a
ciated with the process. In the present analysis, we rely
this procedure and make use of the intensities of the x r
produced by radiative recombination onto then52 shell.
The RRn52 counts can easily be separated in the exp
mental spectrum, and the radiative-recombination cross
tions are theoretically known to a high degree of accura
(3% error limit according to Ref.@18#!. In terms of
sRR(2)(q,E), the cross section for radiative recombination
n52, and I RR(2)

tot , the total number ofn52 radiative-
recombination photons, the factorF is given by

F5
I RR(2)

tot

WRR~90°!(
q

xq~L! sRR(2)~q,E!

. ~10!

The xq(L) are the fractional ion abundances listed in Tab
I, and the sum is overq530234. ForsRR(2)(q,E) we use
the theoretical results of Behar and Doron@17#, who have
made detailed calculations of the cross sections using
multiconfiguration relativistic HULLAC computer code.
WRR(90°) is the angular correction factor for radiative r
combination. This correction is necessary in Eq.~10! to al-
low for the anisotropy of the radiation intensity resultin
from recombination of ions and electrons from a beam. T
angular factor shows major variations as a function of
electron energy, but is fairly independent of the ion spec
@18#. For the beam energy~10 keV! at which we measure
I RR(2)

tot , we useWRR(90°)51.25@11#. Evaluating the factorF
for the conditions of this experiment, we findF
51.9331022 s21 cm22, with an uncertainty of about 15%.

B. Scatter plot and x-ray spectra

We now proceed with a survey of our x-ray spectrosco
measurements and show in Fig. 3~a! the scatter plot from the
highly charged krypton ions produced with the techniq
descibed in Sec. III. The bright traces between about 1 an
keV x-ray energy belong to theL-shell spectra of krypton
wheren5322, n5422, etc. x rays are emitted subseque
to impact excitation by electrons. We emphasize here
the L-shell radiation is the dominant contributor to the coo
ing rate producing more than 75% of the total x-ray flu
Below 1 keV x-ray energy, theM-shell spectra of krypton
are situated. TheM-shell lines originate from the populatio
of shells aboven53 by electron impact or recombination
Due to the particular design parameters of our solid-s
detector, spectroscopic analysis of the relatively low-ene
M-shell x rays could be performed down to the range of 4
eV. The traces at 13.0 and 15.5 keV x-ray energy repres
direct excitation lines (n5221 andn5321 transitions! of
the K-shell spectrum of krypton. X rays from radiative re
combination appear as slanted bands, since their ene
equal the increasing kinetic energy of the recombining el
tron plus the binding energy of the state it is bound to. T
RR bands marked in Fig. 3~a! involve electron capture into
n52 andn53 levels of krypton ions. In addition to thes
line structures, dielectronic-recombination resonances
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.
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FIG. 3. ~a! Scatter plot of x-ray events versus electron-be
energy for highly charged krypton ions. The trace at about 5 k
x-ray energy originates from a minor barium background in
trap. ~b!–~d! Excitation curves for three separate x-ray bands. T
projections~b! and ~c! are from horizontal cuts along then5322
andn5221 x-ray bands, respectively. The excitation curve~d! is
from a cut along the slanted RRn52 band.~e! Energy variation of
the weight function@AE fe(E,Te) normalized to unity# in Eq. ~8!
for an electron temperature of 4.7 keV.
manifested by intense spots like, for instance, theKLn (n
52,3, . . . ) resonance series. Note that, forn.2, each di-
electronically excited ion can stabilize via two branches p
ducing either a lower-energy or a higher-energy resonan
Below the line designatedEbeam5Ehn , where the electron-
beam energy is greater than the x-ray energy, grows a b
ground resulting from bremsstrahlung.

By applying cuts to the scatter plot and projecting t
events found in these cuts onto the electron-beam en
axis, we can generate the energy-dependent excitation cu
I hn(E) required for the evaluation of the cooling rates. As
example, we display in Figs. 3~b!–3~d! excitation curves for
three separate x-ray bands. Then5322 cut of Fig. 3~b!
contains the x rays from the collisionally excitedn5322
transitions and, at the lower electron-beam energies,
dielectronic-recombination x rays from theLMN, LMO,
etc. resonances. The first member of theLMn series~the
LMM resonance occurring at about 750 eV resonance
ergy! could not be excited due to the limitations on th
beam-accelerating voltage at the low end of the scan inter
Nevertheless, we have incorporated its effect in the coo
rate, too. We determined the intensity of theLMM reso-
nance from the measuredLMN dielectronic-recombination x
rays by making use of the theoretical ratio of the DR re
nance strengths for theLMN and LMM resonances
(SLMN

DR /SLMM
DR )theor. The calculations of Ref.@17# predict this

ratio to be 0.6. It should be noted, however, that theLMM
dielectronic-recombination term contributes only a sm
amount to the cooling rate, and we estimate the uncerta
added by this procedure to our overall uncertainties no
exceed 1%. Then5221 cut of Fig. 3~c! depicts the x rays
from the collisionally excitedn5221 transitions and the
n5221 dielectronic-recombination x rays from theKLn
(n52,3, . . . )resonances. The two most prominent peaks
identified and labeledKLL andKLM in the figure. Further,
it may be seen from Fig. 3~c! that the higher DR member
merge smoothly into the spectrum of the directly excitedn
5221 transitions, reflecting equal cross sections for diel
tronic recombination and electron-impact excitation at
direct excitation threshold.~We recall that the threshold fo
exciting n5221 x-ray transitions is located at about 1
keV.! Figure 3~d! is the excitation curve for the RRn52 cut,
showing the higher-energy x rays from theKLn resonances
and the radiative-recombination x rays from electron capt
into then52 levels of krypton ions. In accordance with th
approximate 1/E scaling of the RR cross sections@13#, the
intensity of the RR x rays diminishes quickly at high energ

Once we have generated the excitation curves for the v
ous radiation processes we can evaluate the cooling rate
taking the Maxwellian average according to the express
Eq. ~8!. In Fig. 3~e!, we show the energy variation of th
weight function in Eq.~8! visualizing that its effect is larges
for E5kTe whereAE fe(E,Te) is at maximum. Figure 3~e!
also explains why the direct excitationn5322 x rays pro-
duce large contributions to the cooling rate while t
dielectronic-recombination x rays from theLMn resonances,
which extend then5322 spectra to energies below thres
old, decrease rapidly in importance relative to theL-shell
emission lines.
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TABLE II. Rate coefficients and cooling rates for high-ionization species of krypton due to brems
lung, dielectronic recombination~DR!, radiative recombination~RR!, and line radiation following electron-
impact excitation~IE!. The distribution of the krypton ion-charge states in EBIT approaches the ioniz
balance of a Maxwellian plasma at a temperature of 4.7 keV. The rate coefficients are given in u
10212 cm3 s21. The cooling rates are given in units of 10227 W cm3.

Process Channel Rate coefficient Cooling rate

Bremsstrahlung 0.06 0.83
DR KLL 0.10 0.21
DR KLM 0.05 0.11
DR KLn (n5N,O, . . . ) 0.04 0.01
DR KMn (n5M ,N, . . . ) 0.01 0.09
DR LMM 1.42 0.45
DR LMN 1.25 0.46
DR LMn (n5O,P, . . . ) 3.61 1.47
RR RRn52 0.69 0.98
RR RRn53 0.30 0.27
RR RRn54,5, . . . 0.48 0.29
IE (K shell! n5221 0.14 0.29
IE (K shell! n5321 0.01 0.03
IE (L shell! n5322 59.40 17.16
IE (L shell! n5422 10.80 4.77
IE (L shell! n55,6, . . .22 1.71 0.98
IE (M shell! n54,5, . . .23 9.54 1.24

Total 29.64
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C. Angular corrections

In determining the cooling rates, we have to account
the nonisotropic x-ray emission in EBIT causing intensit
to vary with the angle between the electron-beam axis
the direction of observation. The angular distribution of ph
ton emission is usually described in terms of the angu
correction factorWk(q), which is the ratio between th
x-ray emission observed at the particular angleq and its
spherical average (q590° in our experiment!. Wk(q) de-
pends on the collision process under consideration and va
with the electron-ion interaction energy~excitation through
dielectronic electron capture is an exception!. In our analysis
of the measured x-ray intensities, we rely on theoretical
sults obtained for electric dipole radiation because this t
of electromagnetic interaction overwhelmingly domina
the emission from EBIT. We have calculatedWk(90°) for
bremsstrahlung, radiative recombination, dielectronic reco
bination, and electron-impact excitation.

The angular correction factors for electron bremsstrahl
and radiative recombination were derived using the theo
ical results of Refs.@19# and@18#, respectively. Their respec
tive energy-averaged expressions have the va
Wbrems(90°)51.24 andWRR(90°)51.32. For electric dipole
lines emitted during dielectronic recombination, we have c
culated WDR(90°) for a large number of individual reso
nances using theoretical DR cross sections from R
@11,17# and polarization data for He- and Be-like target io
from Ref. @20# and for Li-like ions from Ref.@21#. We infer
from our results that the majority of the DR lines is enhanc
relative to isotropic emission. The average of the angu
correction factor for the DR lines of a resonance group
typically at the 10215 % level. We have not calculate
r
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WDR(90°) for B-like Kr311 and C-like Kr301 considering
that, in the present investigation, the largest population
krypton ions is concentrated in the Be-like to He-like char
states. To treat the case of electron-impact excitation,
have used the results of Refs.@22# and @23# where collision
strengths for exciting magnetic sublevels were calculated
He-like and Li-like electron configurations. According to o
calculation, the largest effect occurs for then5221 transi-
tions where we assign a 20% correction for the x-ray int
sity corresponding toWn5221(90°)51.20. For the dominan
n5322 andn5422 transitions, we determined the ang
lar correction factors to beWn5322(90°)51.09 and
Wn5422(90°)51.06, respectively.

It should perhaps be pointed out that the line-specific
gular correction factors vary only within certain limits wit
changes in the relative sublevel populations. This is imp
tant because from the predicted variation we can infer
bounds of confidence of our calculated values forWIE(90°).
Conservatively, we estimate our angular correction to be
curate within a 10220 % error interval.

V. RADIATIVE COOLING RATES

The listed cooling rates in Table II are obtained from o
x-ray measurements by distinguishing between the differ
radiation channels. In particular, Table II contains rates
x-ray emission lines from theK-shell, L-shell, andM-shell
transitions as well as from theKLn, KMn, and LMn
dielectronic-recombination resonances. Also given are
rates for bremsstrahlung and electron capture into two s
cific levels of krypton ions. In addition, for each of the r
diation channels considered, the channel-specific rate co
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cient, R, is incorporated in the table. The rate coefficient
the product of the cross section associated with the collis
process and the electron velocity averaged over the Maxw
ian velocity distribution. It is determined by substituting th
channel-specific excitation curves in Eq.~8! and performing
merely the integration overE. Since we cannot resolve ind
vidual charge states in the excitation curves, the rate co
cients in Table II represent the sum over the fractional
abundances in EBIT.

In order to assess the rates for theL-shell x-ray lines, a
synthetic spectrum was fitted to the experimental data.
spectrum was modeled as a sum of separate Gaussian
files, one for each x-ray peak. The individual rates given
Table II for then5322 andn5422 x rays represent the
fitting results for these transitions. The x rays from high
members of theL-shell spectra are completely unresolved;
Table II, solely the overall rate is given for this part of th
spectrum. It is apparent from Table II that theL-shell lines
make the dominant contribution to the observed x-ray fl
They radiate at a rate of 2.3310226 W cm3, which is more
than 75% of the total cooling rate. For theK-shell spectra,
analysis of the emission was done for then5221 and n
5321 x rays. TheK-shell lines give only minor contribu
tions to the cooling rate, which is in part due to the ene
thresholds for exciting the transitions and in part becaus
the lower excitation-cross sections forK-shell electrons. The
M-shell lines are not resolved by our solid-state detec
They merge to a singleM-shell peak in the observed spe
trum. Finding the amplitude of theM-shell peak, however
was problematic because the detector efficiency varies
energy in this range. An approximation to the correct sh
was determined by attaching a Gaussian profile to
M-shell peak and fitting the intensities at the high-ene
side. The Gaussian fit parameters~amplitude and width!
were then used to extract the size of the cooling rate for
M-shell peak.

Table II exhibits that electron-ion recombination~dielec-
tronic and radiative! is less important as a cooling chann
compared to direct excitation ofL-shell electrons. Only the x
rays from theLMn dielectronic resonances produce a co
tribution that reaches about 10% of the total cooling rate.
the other hand, it follows from the data of Table II that t
total cooling rate for dielectronic recombination (LDR

tot

52.8310227 W cm3) is about two times larger than the tot
rate for radiative recombination (LRR

tot 51.5310227 W cm3).
This result is consistent with the respective rate coefficie
for dielectronic and radiative recombination. According
Table II, the total DR and RR rate coefficien
have the values RDR

tot 56.5310212 cm3 s21 and RRR
tot

51.5310212 cm3 s21, showing that recombination via di
electronic processes occurs about four times more freque
than radiative recombination. As a check on the reliability
our atomic data for the calculation of the ionization balan
we have compared the experimental results forRDR

tot andRRR
tot

to the values we derived from our ionization-equilibrium c
culations. For kTe54.7 keV, we determine (RDR

tot ) theor

55.5310212 cm3 s21 and (RRR
tot ) theor51.2310212 cm3 s21,

which agrees with the experimental result within a 20% er
limit, and thus confirms the DR and RR rate coefficients u
in the present analysis.
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For our measurement of the cooling rate, we estimate
uncertainty interval of 22230 %. We calculated the total un
certainty by adding all the individual errors in quadratu
The largest uncertainties are in the calculation of the ang
corrections (10220 % error! and the determination of theF
factor according to Eq.~10! (15% error!. Another source of
error arises from the change of the detector efficiency
incident x-ray energies below 1 keV (5% error! and from the
statistical uncertainties (1% error!. One possible cause o
systematic error is additional counts from background io
~barium! overlapping theL-shell spectra of krypton. We
made some measurements without injecting krypton to
cure an independent assessment of the x radiation f
barium ions. From the results, we infer that the effect o
possible contamination of theL-shell x rays adds a system
atic uncertainty of no more than 3% to the determination
the cooling rate.

In Fig. 4, we compare the experimental total cooling ra
to the values predicted by two different models. The cal
lation by Postet al. @7# is based on the averaged-ion mod
while Fournieret al. @8# useab initio atomic data calculated
with the HULLAC package. Also shown are the results fro
the recent krypton experiment at the FTU@9#. One immedi-
ate conclusion is that the cooling rate of the present wor
in disagreement with both calculations. It differs from th
predicted values by a factor of 1.522, depending on the
theoretical model. We attribute the difference between m
surement and calculation to the power lost through
L-shell radiation of krypton. It turns out that this contributio
is underestimated in the theoretical treatment. However,
also seen in the figure that theHULLAC curve@8# touches the
30% error limit of our measurement indicating that this c
culation provides a better estimate of the cooling rate th
the older model@7#.

VI. CONCLUSIONS

We have measured the radiative cooling rates for hi
ionization species of krypton using the EBIT facility. Th

FIG. 4. Radiative cooling rate for krypton as a function of t
electron temperature. The solid curve represents theab initio
HULLAC calculation by Fournieret al. @8# and the broken curve
the average-ion model calculation by Postet al. @7#. The result at
kTe54.7 keV is from the present EBIT experiment. The data poi
below about 2 keV are from recent krypton experiments at
Frascati Tokamak Upgrade FTU@9#.
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measurements employ a technique where a steady-stat
population in EBIT is probed by fast scans of the beam
ergy. For the present investigation, the EBIT was tuned t
charge-state distribution approaching the ionization bala
of a plasma at a temperature of 4.7 keV. The fractional ab
dances of the highly charged krypton ions were determi
from theKLL dielectronic-excitation spectrum following th
procedure described in Ref.@11#. For the conditions of this
experiment, C-like Kr301 to He-like Kr341 ions were de-
tected in the trap. To determine the cooling rate, the trap
ions were sampled over a scan interval extending from 0.
25 keV, and spectroscopic analysis of the emitted radia
was done from about 400 eV to the 25-keV x ray range.
made use of EBIT’s capabilities to distinguish between d
ferent electron-ion interactions and have measured the x
emission from bremsstrahlung, radiative recombination,
electronic recombination, and line radiation followin
electron-impact excitation.

Our EBIT measurement has the advantage over exp
ments on tokamak plasmas that it is channel specific and
no integration over a range of electron temperatures and
L.
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sities occurs. Such measurements reveal more details o
radiation rates and indicate what fraction of the total x-r
flux proceeds via which of the different radiation channe
For Te54.7 keV, the dominant contribution to the coolin
rate is made by then5322, n5422, . . . x rays of the
L-shell spectra of krypton, which produce more than 75%
the total radiation loss. For the total cooling rate, a differen
is noted between the measurement and theoretical calc
tions. The predicted values are lower by a factor of 1.522,
depending on the theoretical model. For the experime
cooling rate, we estimate the uncertainty interval to be
230 %.

In the present EBIT measurement, we have obtained
diative cooling rates for one particular charge-state distri
tion. By performing x-ray spectroscopic measurements
several differentx(L) distributions, which need not neces
sarily approach a specificx(Te) distribution, and summing
weighted spectra, our procedure represents a way of c
structing cooling rates for a range of plasma temperatu
The weights are then to be determined from an ionizati
recombination model of the plasma.
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