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Abstract

Spectral observations of ions of beryllium in the JET plasma are described and are
interpreted in terms of the interplay of atomic reactions and local plasma
conditions. The methods of generalized-collisional-radiative theory are
extended and used to provide a quantitative model. Emphasis is placed on the
role of metastable ion states. The diagnostic scope of beryllium observations is
explored for the influx ions Be*0 and Be*! in the visible spectral range, for Be*2 in
the XUV, and for Be*3 by charge exchange spectroscopy. Useful results for
general diagnostic interpretation are presented in tables and graphs. The
calculation procedures and data form part of the 'Atomic Data and Analysis
Structure' in use at JET.

1. Intr ion

In 1989, a major experiment was initiated in the JET Tokamak to assess the
effectiveness of beryllium as the surface material contacted by the plasma.

As part of the diagnostic effort in the experiment, spectroscopic measurements
were carried out covering extended spectral regions. These included visible
observations along lines of sight to selected limiting surfaces and lines of sight
through neutral beam penetrated plasma as well as fixed radial horizontal chord
integrated spectral measurements in the VUV/XUV. It transpires that beryllium
reveals a number of remarkable features in its spectrum, not previously
reported. The diagnostic scope of these is much richer than had been
anticipated, but requires some elaboration of existing atomic modelling for its
exploitation. This paper is concerned with interpreting these spectral
observations, an explanation of the associated atomic physics calculations and
presentation of useful derived quantities. Details of deduced plasma
performance in JET during the beryllium experiments, which draw on a much
more extended range of diagnostics are described elsewhere (Thomas, 1990).



The study of beryllium divides naturally into three parts, namely,

(a) Be*0 and Be*! which only occur near the plasma boundaries and are
inflowing in an ionising environment. They are conveniently
observed in the visible/quartz uv regions;

(b) Be+2 and Be*3. which are more extended in occurrence and radiate
primarily in the XUV region. They are also possibly in a state of flux;

(c) Bet*4, the generally occurring ionisation stage at high temperatures but
which is illuminated (by conversion to Be*3) by the charge transfer
reaction from neutral deuterium in beam penetrated plasma.

In section (2), the spectral phenomenology of each part is described together with
a qualitative assessment of the underlying reaction kinetics. In section (3) the
atomic physics models are addressed in more detail. Section (4) is concerned
with quantitative discussion of the diagnostic opportunities identified in the
previous sections. The summary conclusions are in section (5).



2, ral Phenomenol

2.1  The Influx Ions Be+0 and Be+!

Neutral and near neutral ions occur in the extreme periphery of the plasma close
to the surface which is their source. Some general techniques for interpreting
spectral emission along lines of sight directed at surfaces for inflowing light ions
of carbon and oxygen in terms of total impurity flux have been described by
Behringer ez al (1989) (hereafter called paper I). In principle, we have the same
objectives for the beryllium ions. Bet0 is the initially released species from the
surface (or initial product of molecular catabolism). Its energy level structure is
shown in figure 1. Be*0 has singlet and triplet spin systems, 2s2 1S being the
ground state and 2s2p 3P a metastable state. Prior to the JET beryllium
experiment, surveys were carried out on the ISX-B (Isler et al., 1985) and UNITOR
(JET internal memo, 1989) devices on suitable spectral lines for measurement.
The UV lines at 33214, 2651A and 2495A on the triplet side and 2348A on the
singlet side are prominent radiators. To assess the total beryllium flux from
Bet0, in the manner prescribed in paper I, requires separate singlet and triplet
line measurements and this is indeed necessary since there is evidence on ISX-B
and UNITOR that the metastable to ground population ratio varies significantly
with plasma conditions.

On JET however, signals are transferred by long (circa 150m quartz fibres) to
remote detectors which restricts measurement to long wavelengths (> 35004).
The 3321A line is strongly attenuated. The higher n-shell transition at 67864 is
very weak and so there is no line suitable for observation at JET on the triplet
side of Bet0 - a serious limitation. Assessment of the total beryllium flux from
Be*0 is not possible on JET, but only the singlet flux. A number of longer
wavelength lines can be measured on the singlet side and therefore in principle
used for this, such as 82544, 4408A and 4573A.

However, figure 2 is revealing. It shows the ratio of 4408A and 8254A emission
in a series of JET limiter measurements as a function of line averaged electron
density. If local edge density relates directly to line averaged electron density (an
assumption not fully justified since local temperature and density are connected
by the efficiency of power radiation by impurities at the plasma periphery), then
this is a density sensitive line ratio. We examine this ratio in detail in section
4.1.



The electron temperature at the region where Be*0 emits appears from probe
studies to be ~30eV. This is evidently not the natural temperature at which Be+0
radiates in non-diffusive equilibrium (Te~3 eV is more typical) so the Be*0 atoms
are penetrating to that temperature environment on a timescale less than or
equal to the ionisation timescales. The high temperature, highly ionising
regions in which the Bet0 finds itself in turn allows an imbalance in the ground
to metastable population ratio to develop. The diagnostic opportunity of this is
also explored in section 4.1.

Be+1 is by contrast a simpler ion. Its term diagram is shown in figure 3. There is
a single (doublet) spin system and 2s 25 is the ground state.The fundamental
resonance lines 2s 251 /2-2p 2P1 /2,372 at 3131.06A and 3130.41A are the most
intense lines in the beryllium spectrum, but are (as for the short wavelength
Be+0 lines) strongly attenuated in the JET optical system. Transitions between
n=3 and 4 principal quantum shells are therefore the most useful for observation
and include 5270.7A, 4360.9A and 4673.5A. Any of the Be*! lines is therefore a
potential monitor of the total Bet! and therefore total beryllium flux. Figure 4
shows the ratio of the emission in Be II (4361A) and Be I (8254A) as a function of
line averaged density. This ratio, with some adjustments for local temperature
and density, might be expected to be an indirect measure of the Be*0 triplet to
singlet flux ratio.

2.2  The Plasma Ions, Be*2 and Be*3

Figure 5 shows a portion of the XUV spectrum as observed along a horizontal
line of sight directed radially at the inner wall of JET in the mid-plane. The
plasma was in contact with the outer belt limiters at the time of the
measurement. Attention is drawn to the 1s2 1Sp-1s2p 1P; resonance line of Be+2
at 100.26A together with its higher series members 152 1Sy - 1snp1P; with n up to
8 resolvable, and the 1s 2S - 2p 2P resonance line of Be*3 at 75.93A. The higher
Lyman series members of Be*3 were not used in the presently reported JET study.
The relative intensities of Be*2 series members are quite sensitive to particular
plasma conditions. In a cooling discharge in contact with the inner wall, we
have strong evidence of charge transfer from thermal neutral deuterium as a
populating mechanism for the upper levels of the higher series members. This
is similar to the situation analysed by Mattioli ez al., (1989) in C+5, and will be
described in a further work. It will be shown that the present decrement



indicates Be*2 to be an inflowing ion with collisional excitation from the ground
state 1s2 1S followed by cascade responsible at least for the low series members up
to n=4. The relative intensities of members then depend on the local electron
temperature.

The intersystem line 1s2 1S, - 1s2p 3P, at 101.69A has been observed for the first
time although its wavelength has been anticipated theoretically and semi
empirically (eg. Drake, 1988; Edlen 1952) on a number of occasions. Our
measured wavelength at 101.695 + 0.015A measured relative to Be III 100.2552A
(Svensson, 1970) and CVI 33.7360A in third order (Garcia & Mack, 1965) is
insufficiently precise to contribute to theoretical discussions although it is
consistent with them. The associated branching multiplet 1s2s 35-1s2p 3P occurs
in the quartz UV at 3721-3723A and is shown in figure 6. Note that the 1s2s 35; -
1s2p 3P; component is well resolved and so provides a pure branch with the
XUV intersystem line. Also the summed 3P; and 3Pp components are twice the
3P1 components as expected since the intersystem branch gives only a small
(~1/100) correction to the 3Py, radiative lifetime. Intensity calibration in the
XUV has been troublesome at JET due to short and long period variation of
detector sensitivity particularly at the positions of strong spectrum lines. The
present observations and some associated modelling help in the resolution of
this problem. The intersystem to resonance line intensity ratio is related to the
metastable to ground population ratio and can indicate diffusive imbalance.
This is similar to the Be*0 case and is examined in section 4.2.

23  Charge Exchange Spectroscopy of Be+3

Figures 7a and 7b show the spectral range from 4640A - 4720A as observed along a
vertical viewing line intersecting the neutral deuterium heating beams at
approximately the plasma centre when the beams are active and inactive,
respectively. The feature at 4658.5A is the high principal quantum shell
transition Be IV (n=6-5). Without beams it is only emitted towards the periphery
of the plasma (cf. section 2.2). With the beams active, a large broad feature is
superimposed resulting from Be IV (n=6-5) emission at the beam/viewing line
intersection in the core of the plasma. It is excited by the charge transfer reaction.

D,,..(1s)+ Be* = D* + Be*(nl)



Detailed attention has been given to the charge exchange spectroscopy (CXS) of
other light impurities in JET (Boileau et al., 1989) and similar analysis is enabled
by this observation. After subtraction of the unavoidable peripheral component
in the line of sight by multiple Gaussian techniques, the width and displacement
of the residual charge exchange feature indicates ion temperature and plasma
rotation. The width of the charge exchange feature is to be contrasted with that
of the nearby Be II line at 4673.5A. This narrow plasma edge emitted line
(assumed therefore non-rotating) is an advantage for CXS of beryllium since it
provides a wavelength reference for rotation measurements.

A problem is presented at 4685.2A. In the pre-beryllium operation, this feature
was due to helium present as an added minority species for radio-frequency
energy coupling. It was routinely used to monitor helium. The He II (n=4-3)
line and vicinity is also expected to be important for measuring slowing down
and thermalised alpha particles formed by deuterium/tritium fusion in the late
active phase of the JET experiment. Slowing down alpha particles are expected to
produce a weak, very broad (~100A) feature. There is, however, an unavoidable
wave-length coincidence with the Be IV (n=8-6) transition. So the feature at
4685.2A is in general now a superposition of helium and beryllium emission.
On the other hand, the ratio of the charge exchange induced emissivities of BeIV
4658.5A and BelV 4685.2A is a function of independently known plasma and
beam parameters and so predictable theoretically. Therefore the separate
contributions to the 4685.2A feature are in principle resolvable with the 4658.5A
line providing an intensity reference for rotation measurements.

It is evident that beryllium as an impurity in JET can be used diagnostically in all
regions of the plasma. A comprehensive 'collisional-radiative' approach to the
theoretical atomic modelling is essential along with a suitable quality basis of
fundamental atomic collision data for full exploitation.

3. Atomic Physics Aspects

3.1 Model Development

The calculation of the quantities called the 'ionisation per emitted photon' has
been described in paper I. To summarise the main points of that work, the flux
of an element A, I'A, can be obtained by measurement on any of its ions, for

example A+Z, through which A ionises completely local to the surface without



dispersive or return losses and that this flux is composed of effectively
independent fluxes in each of the metastable states of A+Z, that is
Ap*Z:p=1, ..., m so that

= ;F(A;Z)

('metastables' denote both ground and metastables in this notation). These
component fluxes can be expressed in terms of the observed line of sight
integrated emissivities of m spectrum lines, I5, which are linearly independent
and characterise the metastable populations as

F(A;Z) =Y P,

The P's are the generalisation of the 'ionisation per photon' quantities. If the
spectrum line ¢ corresponds in fact to a transition i-j between excited levels of
A+Z, then determination of Ppg requires deduction of that part of the population
of level i which depends on metastable p, and the effective ionisation rate
coefficient from metastable p, Sp. Note that the population of level i, Nj(Z)
might be written formally as

e’tip

N® =Y =N,E,N?
p

The F's are derived theoretically. However the present study requires an
extension of the calculations of paper I for N{(Z) and Sp. The reason is evident
from the influence of different processes with increasing density on those excited
level populations which lead to observed emission, namely

(a) Low density - collisional excitation from ground and
and metastable levels only, radiative
cascade. Direct ionisation and excitation
autoionisation only.

(b) Moderate density - collisional excitation amongst a complete
set of low levels, (especially nearby
degenerate levels), radiative cascade.



Direct ionisation and
excitation/autoionisation only

(c) High density - Collisional excitation amongst low levels,
excitation to and amongst highly excited
levels. Influence of highly excited levels
on low levels. Direct ionisation,
excitation/autoionisation and ionisation
from excited states.

The boundary for the different density regions depends on the ion structure and
also on ion charge. Approximately, Ne/(Z+1)7 ~1012 cm™3 marks the (a)/(b)
boundary and Ne/(Z+1)7 ~5 x 1012 marks the (b)/(c) boundary. For Z=1, 2 as
examined in Behringer er al (1989), solution in the (a) and (b) approximations is
appropriate for the tokamak edge, but for Z=0, case (c) must be applied. It should
be added that equation (1) and the discussion above applies to an ionising
situation. Recombination, either by free electron capture or charge exchange can
be included in a full description as

N =S, £, N+ S0, B NED 1 3N, G N
p 4 f

where their respective contributions Rj; and Cj; are again derived theoretically.
Reference has been made to low excited levels and highly excited levels and it is
appropriate to make this separation at the principal quantum shell which
includes the highest lying observed transition upper state. In Be*0,2<n <4
constitute the low level group and 4 < n < e the high level group.

There is a simplification. The highly excited level populations may be
considered for whole principal quantum shells since collisional processes fully
mix sub-levels of the same principal quantum shell. This is called a 'bundle-n’
viewpoint (Burgess & Summers, 1986). The calculation procedure for case (c) is
as follows: A bundle-n calculation is performed on each recombined ion (Z) spin
system and recombining ion (Z + 1) metastable state, but excluding direct
collisional or radiative couplings for n and n” belonging to the low level group.
The solution generates a set of projected indirect couplings between n and n”
belonging to the low level group. These can be expanded using statistical weight
factors over the resolved low level group (that is separated into terms or levels)
and combined with the detailed direct couplings. Only this latter part was used



in paper I. On solution, the resolved low level populations include the
influence of the high levels and all ionisation pathways as well as
recombination. The influence of the resolved low level populations can in turn
be projected on the metastable levels yielding effective ionisation coefficients
including all stepwise processes. We term this progressive condensation (see
Summers and Hooper, 1983) and it is summarised in figure 8.

This full procedure is necessary for the study of Be*0- The low level group is
2<n<4 and the resolved low level group is all the levels shown in figure 1. The
metastable states are 2s2 1S and 2s2p 3P. There are two spin systems and a single
recombining ion metastable state, namely 2s 2S.

The moderate density approach is appropriate for Bet! and Be*2.

For charge exchange spectroscopy studies of Bet+4, the effective emission
coefficients are obtained by the procedures described in Boileau e al. (1989) and
Summers et al. (1991). These works are comprehensive and no further details
are presented here.

3.2 Fundamental Atomic Data

Energy levels for Be I are taken from Bashkin and Stoner (1978) and oscillator
strengths from a number of sources including Wiese, Smith and Glennon (1966)
Weiss (1972), (but note the corrected position of 2p2 1S) Fawcett (1984) and Cohen
and McEachran (1979). The very small oscillator strengths for the 2s2 1S - 2s3p 1P
and 2s2 1S - 2s4p 1P transitions are of note. The 2s3d 1D and 2s4d 1D terms are
relatively high lying because of the series perturbation by 2p2 1D. Also of note is
the unusually large oscillator strength for 2s2 1S - 2p3s 1P (a two electron
transition). Since 2p3s IP lies in the 2s continuum, and can autoionise, it is
probably not a significant contributor to 2s3s 1S by cascade. Only simple
approximations for electron impact excitation cross-sections have been available
for Be*0 up until now. As part of this study, new 12 state and 20 state R-matrix
calculations have been carried out. Details are presented in Fon et al. (1991).
Effective potential Born calculations (see paper 1) for 2s2 1S - 2s3s 15, 25215 -

2s4s 15 and 252 15-253d 1D coefficients are 30%, 32% and 300% greater respectively
than the new values at Te= 20eV. This justifies our avoidance (based on
uncertainty of the series perturbation influence) of the 2s2p! p - 2s3d 1D spectral
line in our preliminary studies on UNITOR. Lines from 2s3s 1S and 284s 1S were



preferred. Progressively larger differences occur at low temperatures as expected.
The new data is therefore essential in the trend to seek to diagnose low
temperature high density plasma in divertors. Also of note are the quite large
spin changing rate coefficients. These affect influx interpretation and are
discussed in section 4. This was not explored in preliminary work since realistic
spin changing cross-sections were not available. Two corrections to the rate
coefficients are appropriate since explicit reference to configurations 2p3{ and
2p4¢ has not been made (see the resolved low level group in figure 1). This is
most significant on the triplet side, since such states are directly excitable from
the 2s2p 3P metastable and since the 2s3p 3P level is semi-metastable. The
overwhelming radiative decay (if it occurs in preference to Auger break up) of
2p3¢£ and 2p4! is by transition of the inner 2p electron to 2s.Therefore excitation
to 2p3s and 2p4p contribute to the effective excitation to 2s3s and 2p3p contributes
to that of 2s3p. The direct rates from the metastable are adjusted for the
maximum contribution from this. In fact the radiative decay path from 2s3p also
must be through the 2s3s 3S term but this is treated explicitly in the resolved low
level group population calculation.

The energy level and oscillator strength data for Bell are well established. As for
Be I, refined electron impact data are not available for the n=3 and 4 shells
required in this study. For the 2s 2S - 2p 2P transition, there is the well known
benchmark study (Hayes et al., 1977). We have carried out new calculations in
the distorted wave approximation using the codes developed at University
College, London (Eissner-unpublished) for all singly excited terms up to the n=4
shell. For 2s 25 - 2p 2P, the distorted wave result for the Maxwell averaged rate
coefficient is 11% below experiment at 1.7 eV and within 4% of the close coupling
theory at 345 eV. Note that the experimental data is not corrected for cascade.
Good comparative data is not available for higher transitions. Deviation from
dipole allowed impact parameter rate coefficients are typically 40% at Te~30eV.
£-state mixing cross-sections are evaluated in the impact parameter
approximation.

At low density, cascade corrections to the effective excitation of high n shells and
higher angular momentum states are appropriate, the strategy here depending
upon whether the projection techniques are used (see section 4).

For Be III, the present study requires LS resolved energy levels, A-values and

cross-section data up to the n=5 shell. Term centroid energies and A-values
(for non spin changing An>0) are well known.

10



The level structure 1s2s 3S and 1s2p 3P and their radiative decays on the other
hand have been the subject of detailed study. Table 2 summarises relevant data
used here. The uncertainty bounds are from the spread of the data sources
recorded and the preferred source underlined. These data imply that the
branching ratio

A 3 3
“EATS _84.4 (+5.8/-3.6)

A2’P,—1‘S°
Collision cross-sections are taken from the Coulomb-Born calculations of
Sampson et al. (1984). Note that this data extends to Be*2 but the caveat relating
to Zo/N probably remains true.

The atomic data needs for Be*3 for this study are very different. It is charge
exchange data which is required and for this, we have followed closely the
approach used for helium, carbon and oxygen in earlier studies. Explicit n¢-shell
selective CX data for the reaction

D(1s) + Bet4 = D++Bet+3 (nf)

has only been available from Ryufuku (1982) in the range 10 keV/amu < E < 200
keV/amu. Itis well known that this data underestimates at low energies for
higher n-shell subdominant capture. New close coupled atomic orbital
calculations are in progress (W Fritsch) and preliminary results have been used
together with Ryufuku (1982) and parametrisations of the n-shell and né-shell
dependence of the partial cross-sections (Von Hellermann et al., 1991) to establish
our current preferred charge exchange data set.

4. Theoretical Results and Discussion
41 Be*0and Bet!
Note that because of the relatively large spin changing transition to excited states,

singlet line emission has a contribution from excitation from the triplet
metastable. It will be shown later that except at low temperature, the
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Be+0 2s 2p 3P population is likely to be reduced in transient ionisation. For
simplicity in the discussion and figures, only line emission arising from
excitation from the lowest level of the same spin system is shown.

Following the full density dependent calculation described in section 3, figure 9a
shows the 'ionization per photons' results for Be I 82544, a transition originating
in the n=3 shell, which is our preferred spectrum line for characterising the
singlet side flux of Bet0. The electron temperature and electron density
dependence implies that reasonable knowledge of these quantities at the Bel
emission zone is required for flux deduction although the sensitivity is less for
Te>20eV and Ne < 3x1012 cm-3. These constraints are generally satisfied for JET
limiter sources (as indicated by Langmuir probe measurements extrapolated to
the last closed flux surface) but will not be for cool divertor sources. Figure 9a is
to be contrasted with figure 9b for Be I 44084, a transition originating in the n=4
shell, for which the density dependence is greater (as anticipated in section 1).
The reason is that the upper levels of the 8254A and 4408A transitions are 2s3s1S
and 2s4s!S respectively. The latter is more susceptible to further exciting and
ionising collisions with plasma electrons than the former. At densities Ne 2
2x1012 cm-3 for Be+0, the disturbance of the 2s4s1S population is quite significant.
In this respect, at tokamak densities, neutral atoms are much more sensitive
than ions, Ne/Z17 with Z1, the ion charge plus one, is the relevant scaled electron
density parameter from 'collisional-radiative' theory (see Bates er al., 1962). Note
that in paper I collisional mixing amongst low levels was included, but not the
processes resulting in ionisation operative in Be*0. That was possible because of
the restriction to the positive ions of light elements. Variation of the Be I
8254A/Be 1 4408A emissivity ratio with Te and N is shown in figure 10. For Te
>10eV, the ratio is predominantly Ne dependent, that is, it provides a weak Neg
indicator at the Be I emission zone. Sufficient observational data for a systematic
experimental study on this issue are not yet available. The data of figure 2
indicates the expected trend but the two spectrum lines were observed on
different belt limiters and so the absolute value of the ratio is uncertain. Table 2a
summarises the theoretical 'ionisation per photon' results for Be I 8254, 4408 and
4573 for completeness. Measurement of the short wavelength 3321 A line on the
triplet side will be possible in the next operation period of JET along a single
vertical line of sight.

Table 2b summarises the theoretical 'ionisation per photon' results for Be II

3130.6, 5270.7, 4673.5 and 4361 A lines calculated in the moderate density
approximation but with cascade corrections (cf. paper I). Although collisional

12



mixing amongst populations of n=4 sublevels is expected to occur, the strong
density sensitivity at moderate density of the Bet0 case is not anticipated because
of the Z scaling of the critical electron density. Derivation of Be*! flux using the
tabulated photon efficiencies again requires some knowledge of T at the Bet1
zone, although the sensitivity to N, is less than for Bet0. Comparative
observations have been made of the 4674 A line originating from the 4f 2F level,
and of 5271 A originating from the 4s 25 level. The calculated emissivity ratio at
Ne = 5x1012 cm3 and Te = 25eV is 3.0. The observed experimental ratio variation
in JET pulse #23249 was 3.4-4.4 at uncertain local temperatures and densities.

The evolution from Be*0 to Be*! in an ionising, plasma is mediated by the
effective rate coefficients shown in figure 11, that is, the separate generalised
collisional-radiative ionisation coefficients for the ground and metastable state
and the cross-coupling coefficient (treated as an electron impact rate) between
metastable and ground. The ionisation rate coefficients increase with Ne due to
the stepwise excitation/ionisation losses via excited states which influenced the
Be+0 photon efficiencies. The cross-coupling coefficient has the opposite
dependence on Ne and falls with T, due to its spin changing nature. The
tendency of ground and metastable populations of Be*0 to 'freeze' as at birth
from the surface therefore is expected to develop if the Be*0 ionisation zone
temperature advances above Te ~10eV. Comparison of Be*0 (singlet) and Be+1
(total) flux at low density (which implies penetration of Bet0 to a higher
temperature ionisation zone), although somewhat uncertain because of lack of
detailed temperature knowledge, are approximately equal for the observational
data of figure 4, suggesting that Be*0 enters the plasma in its ground state. At
higher line averaged density, and therefore lower temperature at the Be+0
ionisation zone, the Be*0 (singlet) flux ratio appears to fall indicating
progressively greater metastable Be+0 presence. This is not a birth process but a
redistribution of Be+0 population from ground to metastable in the plasma.
Evidently a full assessment of theory and experiment requires a spatial edge
density /temperature/influx speed model.

This discussion has centred on transiently ionising influx aspects, but there is a
further issue relevant to planned studies of cool high density divertor plasma.
In steady state ionisation balance at Te ~ 10eV, the dominant jionisation stage by a
large factor is Be+2, the helium-like stage. The dominant line radiation is
however from the resonance line of the Be*1 stage since the electron
temperature is too low to excite the Be III spectrum. The charge transfer reaction

13



from neutral hydrogen (deuterium) to Be*2 forming Be*! at thermal energies is
large. Therefore the presence of a dense neutral hydrogen cloud can markedly
increase the total radiative losses even though the Be*1 fractional abundance
remains small. In these circumstance, charge transfer can also affect transient
ionisation development and necessitate modification of the simple
interpretation of photon efficiencies in terms of impurity fluxes. Detailed
calculations show the importance of precise time constants for diffusion and
atomic processes and the necessity of a complete edge plasma model. Results of
this will be published in due course.

42 Bet?

The moderate density calculation of the excited populations of the Be*2 has been
performed including all levels of principal quantum number < 5. Also,
ionisation rate coefficients for the ground state 1s2 1S and the metastable state
1s2s 35 have been computed together with the collisional-radiative cross-
coupling coefficients between 152 1S and 1s2s 3S. Consider firstly the singlet series
11S- n1P. Figure 12 shows calculated emissivity ratios to 1 1S - 2 1P of the
members with n = 3 and 4 as a function of Te. The curves superpose for densities
over the range N, < 5x1013 cm-3. For Te < 50 eV, the ratios are quite sensitive to
Te (due to exponent factors in the excitation rate coefficients). We draw attention
again to the intersystem line 1 1Sg - 2 3Py. Excitation to 2 3Py from 2 3S; exceeds
that from 1 1S, by a factor > 30 in all circumstances. As for the ionisation of Be*0,
we can explore the limiting case of time - dependent ijonisation from an initial
ground state Be*! ion through Be*2 and Be*3 in a plasma of fixed Te and Ne. The
rate coefficients do not depend significantly on N, so Ne merely acts as a scaling
factor of the ionisation times. The time integrated emissivity ratio of

11S, - 23P1 and 115, - 21P; is shown in figure 13 and is contrasted with the
equilibrium ratio. The observed ratio in JET is typically ~ .05 suggesting that Be+2
has penetrated to a high temperature ionisation zone ~ 250 eV and the
transiently ionising picture is appropriate.

It is apparent that the microchannel plate detector used in the grating incidence
XUV spectrometer on JET shows pronounced sensitivity variation in
wavelength and time. The principal effect appears to be a reduction in
sensitivity at the positions of strong lines (called 'gain fatigue') which depends
amongst others on irradiation history and duration from last exposure to
atmosphere. Therefore, in the more detailed assessment of theory and

14



observation, we seek to comment on intensity calibration as well as diagnostics.
Systematic comparisons of the Be III 115 - n1P series and 11S;, - 2 3Py in the XUV
spectrometer with the 1 1S - 2 1P line observed in a nearly collinear (within 8°)
VUV instrument indicates that 'gain fatigue' is not present or at least small for
weak lines and in particular for 1 1S - 41P and 11Sp- 2 3P;. On the limiting highly
ionising model, the predicted ratio of emissivities of these lines is also shown in
figure 13. Evidently the ratio is a sensitive Te diagnostic. Results for typical cases
such as illustrated in figure 5 give Te ~ 250 eV. At this temperature the
theoretical emissivity ratios 1 1S - 31P/ 115 - 21P and 115 - 41P/11S - 21P are
determined as 0.15 and 0.035 respectively. These differ from the immediate
observations before 'gain fatigue' correction. Development of 'gain fatigue' by
the XUV spectrometer is shown in the comparative data for many pulses of
figure 14. The early pulses are believed to show little 'gain fatigue'. The
corrected observed ratios are then probably ~ 0.16 and ~ 0.04 respectively. This
result gives some support to the theoretical model and also suggests that the
model may be used in support of relative calibration over the extent of the
singlet series in the XUV. As pointed out in section 1, the branching line pair
115, - 23Py and 2 3S; - 2 3P provide an absolute calibration transfer to the 100 A
region from a calibrated quartz UV position. (Note however the uncertainty in
the theoretical branching ratio). This is provided the plasma is optically thin,
(the situation in JET) and satellite lines are negligible (also true). Be III emission
is therefore a transient ionisation and electron temperature indicator and
provides in association with theory, a contribution to intensity calibration in the
XUV.

4.3 Bet3

The effective emission coefficients, q, for Be IV n=6-5 and Be IV n=8-6 are shown
in figure 15 for one representative set of plasma parameters following charge

transfer from D(1s). The photon emission/cm3/sec is therefore N, ™ Ny q.

Redistribution and cascade combined with the initial distribution of direct
capture determines the effective coefficients. The availability of two closely
neighbouring observable spectrum lines with different upper principal quantum
shells is an advantage, since it allows some critical judgement of the theory and
fundamental cross-section data. Time histories of the two spectrum lines in
discharges with low helium are the same and deduced beryllium ion
temperatures from them are in very close agreement. This suggests that
interpretation of the 4685 A line as Be IV n=8-6 in these circumstances is sound.

15



The deduced beryllium density from the two lines surveyed over a number of
discharges is more variable. For typical, fairly low ion temperature conditions
(see for example figure 15), the theoretical effective emission coefficient ratio is ~
5.5.

A careful analysis of the line ratio for such a case, using a beam modulation
method for elimination of background and plasma edge radiation indicates an
experimental ratio ~ 5.2. Although the agreement is satisfactory, at high plasma
ion temperatures, accurate charge exchange spectroscopy deductions need good
knowledge of the effective emission cross-sections over a fairly wide range of
energies about the beam energy. It is not yet clear that our preferred theoretical
data is reliable for high subdominant levels at energies significantly below 40
keV/amu.

The JET beryllium experiment had three parts, namely: (i) a pre-beryllium
carbon phase, (ii) a beryllium evaporation phase and (iii) a beryllium limiter
phase. Tracing of the dominant impurities (i.e. carbon and beryllium) by charge
exchange spectroscopy through these phases was possible. A transition from
pure carbon impurity to almost pure beryllium impurity dominated plasmas
were observed and reconstruction of Ze¢s from the impurity densities performed.
An evaporation phase illustration of the comparison with Z¢¢ from visible
bremsstrahlung is shown in figure 16 during which there were pronounced
impurity density variations. The good agreement is a strong validation of
overall charge exchange spectroscopy analysis on JET. For completeness, table 3
summarises our current effective emission coefficients for BeIV n =6-5.

5. Conclusions

A review has been presented of the range of spectroscopic observation available
from beryllium in the JET experiment. These data have been shown to allow
comment on impurity flux from surfaces, local electron temperature, electron
density and transiently ionising conditions near the plasma periphery, ion
temperature and impurity concentrations in the bulk plasma.

Collisional-radiative modelling of excited level populations, spectral emission
and ionisation of all beryllium ions has been carried out. Extensions to allow
detailed study of neutral atoms, high density environments, transient conditions
and the role of metastables have been made.
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Observation of the Be III 1s2 1Sy - 1s2p 3P intersystem line is reported for the first
time. A valuable branching ratio for XUV spectrometer calibration has been
identified.

Techniques presented and evaluated in this paper are of direct relevance to
impurity studies in cool, dense divertor plasmas. The diagnostic opportunities
of other light impurities such as B, C and 0 are expected to be comparable to those
of Be.

Extensive atomic data have been used and some new calculations have been
carried out. It is hoped that the paper will stimulate further special studies. New
Be*4 charge exchange cross-section calculations are in progress and revised tables
will be supplied in due course. Only a limited portion of the photon efficiency
data has been presented and further details are available from the authors.
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inner wall in limiter phase.

3722454
3722-04

1525 %5, - 1s2p 7

-
‘—-:'i"’f_’l/xx.nllqunml N

Figure 6 Spectral profile of Be III 1s2s 3S - 1s2p 3P multiplet.



BelV {n=6-5)

(g} with beams
Bell
Hell (n=4-3)
BelV{n=8-6)
465854
no_beams
46735
468522
S S SN ST SN U N ST U T S S YU N SR T VA T S S SH JUUN SUU VY T U IS T Y T A

Figure 7a Be IV n=6-5 and Be IV n=8-6 emission with and without neutral
and 7b deuterium beam injection. Vertical line of sight through the beam
line near the plasma centre.



plasma bundle -n
data > | collisional-radiative
calculation

|

low n
projection
matrices

|

matrix expansion :
S expansion
over resolved low
data
level group
resolved low level xsect.,
population . A-value,
calculation energy,
metastable data
population
calculation
resolved collisional -radiative
low level ionisation, recombin.
populations & cross- cqupllng
coefficients
Figure 8 Schematic of population, emissivity and effect;\;é ionisation and

recombination calculation for beryllium ions.



ionis /photon

3
10 C T T T T 1 rorvr I T T T T T T 7TT)
102 | .

E Ng [:m'3] E
[ ) ]
Mo 7
o L / B
A -
100 | 10? _
o 101" ]
L Bel ]
- 220’ —2s3s's 250k
}. -
10 i e
100 10 102
To (eV)
ionis/photon
104
- T T ¥ 1 TrT I T T 1 1 LI I‘
; :
n Ne(cm'al _
‘L //_\
T gt R
103 L ]
I 10‘3 //-——" 1
102 | |
I 10 ]
S at _
i 252p'P — 2s4s's 4u0BA |
101 1 1 L 10 111 ' i ' 1 1 1 11
10° 10’ 10?

Te {eV)

Figure 9a Finite density ionisation per photon curves for Be I 8254 A and Be I
4408 A lines
and 9b respectively.



emissivity ratio
40

L 8254 A /4408 A i

1012

10”

10 s 1 n 1 o 1 L s

0 20 40 60 80
Te (eV)

Figure 10  Variation of the emissivity ratio Be I 8254 A/Be I 4408 A with
electron temperature and density.

" rate coefft
107

T T T7Y
[o:]
g
—

cm3sec‘1

|

Ll

o0 el

T
1

10 1 i IS I S | l A 1 1 'y | . Y
1° 10 10
Te (eV)

Figure 11 Generalised collisional-radiative coefficients for Bet0 ground and
metastable states.



emis. ratio

0
10 : T L] LR B [17' . L) ) L I e i 'l 1 L T L | 'llI 1 T L T T llj
! 1's-3'p ]
i | s-2'% -
10_1 - -
[ s -4 ]
! 1s- 2% ]
102 | __
s ]
10-3 — -]
cm"3 :
10-L [ L 1 [l 1 llll 1 1 1 lLlllI 1 1 1 L 1 llll A [l 1 i i A 1
109 10' 102 103 10%

Ta (eV)

Figure 12 Calculated emissivity ratios Be IIl 115 -3 1P/Be III 115-2P and
BeIll 11S-41P/Belll 115 -2P.



emis. ratio

3
10— ; RN AN ]
: ]
[ \ Be llI -
\\ o
\

02 | \ -
X Y ]
- . :
[ Vo123 .
g L A )
101 = -
100 | i
10-1 - =

! %\ 1s-23p
i transient \\ 1's-2'p
N ‘\~ -

\\
10—2 1 L Ll LLJII 1 ] L i 1 1.1 ll L 1 [~..I L1 1 Il i
100 10’ 10 103
Te (eV)
Figure 13 Emissivity ratios for Be Il 1 1S5 -2 3Py /Be III 1 15 - 2 1P in

equilibrium (solid lines) and limiting transiently ionising (dashed
lines) conditions, and for Be II1 1 1S9 -23P;/Be 111 1 15¢ - 4 1P in
limiting transiently ionising condition.



0

0

4]

0O

0

Figure 14 Evolution of XUV and VUV spectrometer comparison line ratios

|
G gty

PULSE NUMBER

with JET pulse number, showing 'gain fatigue'.

Xuv_1-
0 Zﬂi TR
$
(s L | xuy 1-4
}ﬂl]ljﬂ Ml ongem fualy fer W
OO TYTrtvvlvr|l'l'll'll‘IYYYI'YTII|rrrVTTlr'["l"Vlll’[TTrT‘vl’lfTr
20470 20490 20510 20530 20550 20570 20590
.08 1
06
G
] H 1 I Zﬂ I vuv 1-2
.02 1 ] .y II s )
IHH I“] xuv 1-2int.
H }I } 1 vuv 1-2
0041 """"" T Trr T oy T T LSRR T T T
20470 20490 20510 20530 20550 20570 20590
14
[
e
1.0 A =
N, ﬂ hﬂ]
0.6 1 IIH Ihlﬁ ]B
0 4 IH I 1 11@ xuv 1-2
1 H vuv 1-2
0.2
C
0 O_I """"" T T T prrTT T T T T
20470 20490 20510 20530 20550 20570 20590



(cm3 sec‘1)

eff. emission coefft

10 - 1 4 I | L L I 1 ] L LILIER 8B L I | 1 1 T V11 l"
f BelV ]
L 9
o N =253 cm3
(O -
107 __
10‘10 .
n=8-6 1
10‘11 ]
~12
10 10 1 gt 1 L v e gl 1 SR W SR N N I
103 10% 10° 106
E (eV/amu)

Figure 15 Effective emission coefficients for Be IV n = 6-5 and Be IV n = 8-6 as
a function of incident deuterium beam energy following charge
transfer.



n zIn e(%)

beryllium gettering phase (B)

7 be;;llium gettering phase (B)

10 20 W
' #19641
8 | #19641
15+
\ L
6 o |
carbon :3 i
L ",' 10 -
J #19637 o |
4 J 5
]
. /
o 0 " #19637 51
Wit beryllium - #19637
e #¥19841 b
0 i \ | L | ) 1 0 | 1 A | L i
6 8 10 12 6 8 10 12
time(sec) time (sec)
beryllium gettering phase (B)
5
il _
O M IR ERETY FURWE N B WS Wwwe
6 7 8 9 10 11 12
time(sec)
Figure 16 Evolution of carbon and beryllium densities and Ze¢s in the JET

beryllium evaporation phase.




Table 1

Theoretical transition probabilities for Belll

Transition A (sec Source
23s,-23%, 34177 Schiff et al. (1971)
3.577 Lin et al. (1977)
3.427 Fernley et al. (1987)
3.577
118s5-23P; 4.015 Drake & Dalgarno (1969)
4.217° Lin et al. (1977)
3.96 3 Safronova & Rudzikas (1977)
3.99 5 Laughlin (1978)
4.23°

Branching ratio = 84.4 (+5.8/-3.6)

Summary of radiative transition probability data for Be III. Values
adopted for the present analysis are underlined.



Table 2a
[onisation per photon for Bel at 8254A : 2s2p Ip . 2535 IS . 252 1S metastable

N cmH1.00 1" 1.0012 50012 1.0013 1.00 14

Te(eV)

2.00 8461 125 214 325 297!

509 2.55 338 595 880 7.521

1.0! 354 460 819 1281 960!

2.0 448 563 980 1.511 1.052

3.0! 506 624 106! 160! 1.062

501 601 720 117! 1741 1.07°2

8.0 1 708 836 1311 1.881 1.072

Ionisation per photon for Bel at 4408A : 2s2p Ip. 2545 Is : 252 1S metastable

N (cmH1.00 11 1.0012 50012 1.0013 1.00 4

Te(eV)

2.00 2961 5371 1372 2282 2013

500 4201 7041 1802 2942 2723

1.01 s.a8l 836! 2092 3592 3,013

2.0 6.131 9561 2322 3932 3163

3.0 ! 685! 1.042 2692 4062 3.193

501 7971 1.152 2822 4232 3183

8.0 ! 907! 1252 2892 4312 3.113

Ionisation per photon for Bel at 4573A : 2s2p Ip.2s3d ID . 252 1S metastable

Ne(em™H1.00 ' 1.00 12 10013 1.00 14

Te(cV)

2.00 399 699 868  3.711
5.00 6.51 897 116! 5631
1.01! 883 1.08! 141! 6.04!
2.01 1ol 1330 1590 6.06!
3.0! 1421 1541 1701 50901
501 1.770 1871 1871 5681

8.0 1 2100 2210t 2021 5521
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APPENDIX 1.

THE JET TEAM
JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK.

J.M.Adams!, F. Alladio®, H. Altmann, R. J. Anderson, G. Appruzzese, W. Bailey, B.Balet, D. V. Bartlett,
L.R.Baylor®, K.Behringer, A.C.Bell, P.Bertoldi, E.Bertolini, V.Bhatnagar, R.J.Bickerton,
A.Boileau®, T.Bonicelli, S.J.Booth, G.Bosia, M.Botman, D.Boyd*, H.Brelen, H.Brinkschulte,
M. Brusati, T. Budd, M. Bures, T. Businaro®, H. Buttgereit, D. Cacaut, C. Caldwell-Nichols, D. J. Campbell,
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