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A bstract

T u ngsten is an important element for magnetically confined fu sion plasmas b u t has the potential

to cool, or even q u ench the plasma du e to it b eing an efficient radiator. T otal and level-resolved

dielectronic recomb ination (DR ) rate coefficients, for all ionisation stages, are essential to model

tu ngsten. We describ e a set calcu lations performed u sing the distorted wave code
AUT OST R UC T UR E for the tu ngsten ions W37 –W28 . We demonstrate the importance of

relativistic configu ration mix ing in su ch calcu lations. I n particu lar, we show that the partial DR

rate coefficients calcu lated in level and configu ration resolu tion can differ b y as little as 5%, and

u p to as mu ch as 75%. Using the new data, we calcu late a revised steady-state ionisation fraction

for tu ngsten. We find that, relative to the ionisation fraction calcu lated u sing the recomb ination

rate coefficients of Pu tterichet al (2008 Plasma Phys. Control. Fusion 50 085016), the peak
temperatu res of W37 –W28 ionisation states are shifted to lower temperatu res spanning

0.9–1.6 k eV . T his temperatu re range is important for u nderstanding the performance of large

tok amak s, su ch as I T ER , b ecau se the temperatu res in the pedestal, edge, scrape-off-layer and

divertor region fall in this range.
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(Some figu res may appear in colou r only in the online j ou rnal)

1 . I ntrod uction

T he ex perimental thermonu clear tok amak reactor I T ER is

cu rrently b eing b u ilt in C adarache, F rance, with its first

plasma proj ected to b e in 2025. Designed to ou tpu t 10 times

as mu ch energy as it consu mes, it is posited to b e the

penu ltimate step in realising a commercial fu sion reactor. T he

plasma facing component of the divertor will b e coated with

tu ngsten. T his metal has b een chosen du e to its resistance to

tritiu m ab sorption, its ab ility to withstand large power loads,

and its high melting point. However tu ngsten will b e spu t-

tered into the core, confined, plasma. T u ngsten as an impu rity

in the confined plasma is a prob lem b ecau se it is a very

efficient radiator, which will lead to cooling of the plasma,

and potentially q u enching it. A k ey method in u nderstanding

the impact of tu ngsten impu rities on the tok amak plasma is

detailed collisional–radiative modelling [1]. However, su ch

modelling req u ires the provision of partial, final-state

resolved dielectronic/radiative recomb ination (DR /R R ) rate
coefficients for the ion b eing modelled.

High temperatu res in the core are req u ired to enab le the

fu sion reaction and maintaining this core temperatu re neces-

sitates a high temperatu re at the plasma edge. T he pedestal

region is characterised b y a steep pressu re (p n Te e! ) gradient

at the edge which forms a transport b arrier; max imising its

height, and inter alia the edge temperatu re, is the preferred

way to achieve high performance [2]. Unfortu nately the

plasma conditions of this high confinement (H-mode) regime

are su sceptib le to M HD instab ilities which collapse the ped-

estal, thu s redu cing the temperatu re and allowing impu rities

into the core region, resu lting in redu ced performance or

destru ction of the conditions needed to su stain the fu sion

reaction. R adiation from high efficiency radiators su ch as

tu ngsten will affect the b alance b etween the competing

effects. F or I T ER the pedestal temperatu re is 14 k eV

depending on model and ex trapolations from J ET I T ER -lik e

wall ex periments [2, 3]. T he ionisation stages of tu ngsten

reported here fall in this region so it is important to b e ab le to

model their distrib u tion, particu larly in regions lik e the ped-

estal, where tu rb u lent transport is strongly su ppressed.
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Several isonu clear datasets for tu ngsten have b een

calcu lated u sing a variety of methods. T he first was gen-

erated b y Postet al [4, 5] u sing an average-ion method with

the ADPAK codes. L ater, Pü tterichet al [6] u sed these

recomb ination rate coefficients in modelling the tok amak

plasmas from ASDEX u pgrade, b u t scaled several ionis-

ation stages (W20+
–W55+

) b y empirically determined con-

stants to match ob served spectral emission. Nex t, F oster [7]

u sed a comb ination of the Bu rgess General F ormu la [8] and

the Bu rgess–Bethe General Programme [9] to calcu late DR

rate coefficients for the seq u ence. T he R R rate coefficients

were calcu lated b y scaling hydrogenic resu lts. L astly, there

ex ists a complete set of recomb ination rate coefficients

on the I nternational Atomic Energy Agency web site1

calcu lated u sing the F L Y C HK code [10], which also u ses an

average-ion method. Despite the nu merou s calcu lations

availab le and the wide range of methods u sed, poor agree-

ment b etween the calcu lated recomb ination rate coefficients

is ob served b etween all three datasets. Ex amples of this

poor agreement can b e seen in Kwonet al [11], where mu l-

tiple comparisons are made b etween these datasets. C learly,

fu rther theoretical investigation is req u ired to resolve this

disagreement.

T he demand for partial final-state resolved DR rate

coefficients for tu ngsten has seen a su rge in the nu mb er of

calcu lations b eing performed. T ypically, these calcu lations

covered ions where the ou ter valence electron shell is fu ll

or nearly fu ll, which are u sefu l for plasma diagnostics.

Safronovaet al has calcu lated DR rate coefficients for a

wide range of tu ngsten ions u sing the C owan [12] and

HUL L AC [13] codes, covering W5 , W6 , W28 , W38 ,

W45 , W46 , W63 , and W64 [14–21]. Beharet al also

u sed the C owan and HUL L AC codes to calcu late DR rate

coefficients for W45 , W46 , W56 , and W64 [22–24]. T he

F lex ib le Atomic C ode ( F AC ) can also calcu late DR rate

coefficients, and was u sed b y L iet al to calcu late data for

W29 , W39 , W27 , W28 , and W64 [25–27]. I n addition,

M enget al and Wu et al have also u sed F AC to calcu late

DR for W47+, and W46 –W46+, respectively. L astly,

Kwonet al u sed F AC to calcu late DR rate coefficients for

W44 –W46+
[28, 29].

Several work s are now ex ploring ions of tu ngsten where

the valence shell is partially or half fu ll. T he most compli-

cated ex ample to date is the work of Spru ck et al and

Badnellet al [30–32], where the au thors compared ex per-

imental storage ring measu rements of DR for W18 , W19 ,

and W20 (grou nd configu rations 4f10, 4f 9, and 4f 8,

respectively) with calcu lations from the atomic collision

pack age AUT OST R UC T UR E [33–35]. Other approaches to

dealing with su ch complex ions inclu de the u se of statistical

methods su ch as those employed b y Dz u b aet al [36, 37],

Berengu tet al [38], and Harab atiet al [39]. An ex cellent

review of the methods u sed to stu dy 4f-shell ions, b oth

ex perimentally and theoretically, has b een compiled b y

Krantz et al [40].

T he most recent attempt to cover the entire isonu clear

seq u ence is k nown informally as The Tung sten Projec t.

Using AUT OST R UC T UR E, Prevalet al has calcu lated DR and

R R rate coefficients for W73 –W38+
[41, 42]. Becau se of the

increased activity in calcu lating data for tu ngsten, mu ltiple

comparisons have b een performed with data from The

Tung sten Projec t, confirming the reliab ility of the calcu lation

methods u sed. All data from these pu b lications have b een

pu b lished on the OPEN-ADAS web site2 in the standard adf09

(DR ) and adf48 ( R R ) formats. T he definitions of these for-

mats can also b e fou nd on the OPEN-ADAS web site.

While not as complicated as the open f4 shell, calcu lat-

ing DR rate coefficients for open d4 shell ions still represents

a significant j u mp in complex ity to ions considered pre-

viou sly. T he rich level stru ctu re of these ions also presents

interesting physics in its own right. I t is for this reason that

this paper is dedicated to the 4d q
(q 1 10! – ) isonu clear

seq u ence of tu ngsten, covering charge states W37 –W28+. As

in Prevalet al [41, 42] we u se some technical notation when

discu ssing the variou s ionisation stages. Beyond Z n-lik e,

referring to ions b y their isoelectronic chemical symb ol

req u ires a good memory of the periodic tab le. I t is for this

reason that we refer to the variou s ionisation stages b y the

nu mb er of valence electrons instead. F or ex ample, H-lik e

(Z=1) b ecomes 01-lik e, and Pd-lik e (Z= 46) with 46

valence electrons b ecomes 46-lik e.

We stru ctu re this paper as follows. We first describ e the

u nderlying theory for ou r DR calcu lations. Nex t, we present

and discu ss ou r resu lts, and compare ou r DR rate coefficients

to those calcu lated in other work s. F inally, we assess the

q u antitative effect of u sing ou r data in calcu lating the steady-

state ionisation fraction for tu ngsten, and demonstrate how the

4d q ions can b e potentially u sed as a temperatu re diagnostic.

We conclu de with a few remark s.

2. T heory

T he theory u nderpinning the calcu lation of DR rate coeffi-

cients has b een discu ssed at length in mu ltiple work s, how-

ever, we su mmarise the b asic principles here. All DR rate

coefficients describ ed in this paper were calcu lated u sing the

distorted wave code AUT OST R UC T UR E. I t is ab le to calcu late

energy levels, radiative/au toioniz ation rates, collision

strengths, and many other q u antities. T he code is ab le to

calcu late data in configu ration average ( C A), term ( L S), or

level ( I C ) resolu tion u sing relativistic κ-averaged wavefu nc-

tions. AUT OST R UC T UR E has b een b enchmark ed ex tensively

against ex perimental DR measu rements for variou s ions su ch

as F e19+ [43], and F 5+ [44].

F or an ion X z 1
 
  ( ) with residu al charge z in an initial

state ν recomb ining into an ion X f
z with final state f, the

partial DR rate coefficient f
zD R 1!  
 at a particu lar electron

1
https://amdis.iaea.org/F L Y C HK/ 2

http://open.adas.ac.u k

2
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temperatu re, Te, can b e written as
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where $ and j$ are the statistical weights of the N- and

N 1 ( )-electron–ions, respectively, the Ar and Aa are the

radiative and Au ger rates, respectively, and E is the total

energy of the continu u m electron minu s its rest energy, which

is fi x ed b y the position of the resonances. T he su m over l is

performed over all orb ital angu lar momentu m q u antu m

nu mb ers inclu ded, and the su m over j is over all au toioniz ing

levels. T he su ms over h and m give the total radiative and

Au ger widths, respectively. L astly, IH is the ionisation energy

of the hydrogen atom, kB is the Boltz mann constant, and

a4 6.6011 100
2 3 2 24# ! % $( ) cm3.

T he R R rate coefficients for the d4 ions are now com-

pletely overwhelmed b y the DR rate coefficients. T herefore,

they are calcu lated for The Tung sten Projec t for completeness

only. R R contrib u tes at most 4' % for 37-lik e at peak
ab u ndance temperatu re (2.7 107% K), decreasing to 1' % for
46-lik e at peak ab u ndance temperatu re (2.7 107% K). T he

R R rate coefficient Tf
zR R 1

e!  
 ( ) can b e written in terms of its

inverse, photoioniz ation Ef
zPI% ( ), u sing detailed b alance.

T herefore, the partial R R rate coefficient can b e written as:
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where E f is the corresponding photon energy, and

c 6572.673! # ! cm s−1.

At high energies and temperatu res, relativistic effects

mu st b e factored into the M ax well–Boltz mann distrib u tion.

T his resu lts in a correction factor to the distrib u tion giving the

M ax well– J ü ttner distrib u tion [45], which can b e written as:
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where k T I22
B H& !! , α is the fine-stru ctu re constant and K2

is the modified Bessel fu nction of the second k ind. As we

move along the isonu clear seq u ence the J ü ttner correction

b ecomes less relevant. F or the d4 ions considered in the

present work , the J ü ttner correction cau ses a change of 1* %

at peak ab u ndance for 37-lik e, and even less for 46-lik e.

However, the high-temperatu re DR decreases b y as mu ch as
50% for 37-lik e at 2.74 109% K, and 35% for 46-lik e at

1.57 109% K.

3. C alculations

3 . 1 . D R

We split ou r DR rate coefficient calcu lations into core ex ci-

tations, which are lab elled in terms of the initial and final

principal q u antu m nu mb ers n and n+ of the promoted target

electron. T he largest contrib u tions to the total DR rate coef-

ficient b y far come from the ou ter shell n 0, 1, ! core

ex citations 4–4 and 4–5. I n the case of the inner shell n 1, !
core ex citation (3–4), the filling of the n=4 shell restricts the
nu mb er of promotions that can occu r from n=3, decreasing
its importance. T he converse is tru e for the ou ter shell

n 2, ! core ex citation (4–6).

T he 3–4 core ex citation was calcu lated in C A du e to its

small contrib u tion to the recomb ination rate coefficient total.

T he N-electron configu ration set inclu ded all possib le dou b le

ex citations of ℓ3 and ℓ4 electrons from the grou nd config-

u ration of the ion considered. T he N 1 ( )-electron config-

u rations consisted of all possib le triple ex citations of ℓ3

and ℓ4 electrons from the grou nd configu ration of the

N 1 ( )-electron–ion.

T he 4–6 core ex citation was also calcu lated in C A du e to

its small contrib u tion to the recomb ination rate coefficient

total. T he N-electron configu ration set was constru cted in a

similar manner to the 3–4 core ex citation, and inclu ded all

possib le dou b le ex citations of the ℓ4 electrons from the

grou nd configu ration to ℓ5 and ℓ6 . T he N 1 ( )-electron

configu rations inclu ded all possib le triple ex citations of the ℓ4

electrons from the N 1 ( ) grou nd configu ration to ℓ6 .

T he 4–4 core ex citation was calcu lated in I C du e to its

large contrib u tion to the recomb ination rate coefficient total.

T he N-electron configu rations consisted of single promotions

from p4 and d4 to ℓ4 from the grou nd configu ration of the ion

b eing considered. Promotions from s4 were omitted du e to

their small contrib u tion to the DR rate coefficient total.

M ix ing configu rations were inclu ded b y way of the ‘one-u p

one-down’ ru le as describ ed in C owan’s b ook [12]. F or

ex ample, for a particu lar configu ration p d f4 4 4'  ( the

corresponding mix ing configu rations wou ld b e:

• p d f4 4 4 ,1 2 1'  ($  $

• p d f4 4 41 2 1'  ( $  .

T he N 1 ( )-electron configu rations consisted of the N-electron

configu rations with an additional target electron added. We

demonstrate the resu lting configu ration set for 40-lik e in tab le 1.

Given su ch a set of configu rations, AUT OST R UC T UR E

T able 1 . Ex ample configu ration set for the 40-lik e 4–4 core
ex citation. C onfigu rations mark ed with an * are mix ing
configu rations as determined b y the one-u p one down ru le.

N-electron N 1 ( )-electron

p d4 46 4 p d4 46 5

p d f4 4 46 3 p d f4 4 46 4

p d4 45 5 p d f4 4 46 3 2

p d f4 4 45 4 p d4 45 6

p d f4 4 46 2 2- p d f4 4 45 5

p d4 44 6- p d f4 4 45 4 2

p d4 44 7-
p d f4 4 44 6 -
p d f4 4 46 2 3-

3
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calcu lates all possib le au toioniz ation and electric dipole radiative

rates b etween them.

T he 4–5 core ex citation was also calcu lated in I C . T he N-

electron configu ration set inclu ded promotions from p4 and

d4 to ℓ4 and ℓ5 . As with 4–4, promotions from s4 were

omitted du e to their negligib le contrib u tion to the total.

M ix ing configu rations were inclu ded as describ ed ab ove. T he

4–5 core ex citation was the most compu tationally demanding

calcu lation du e to the large nu mb er of levels. T o mak e the

calcu lations tractab le, promotions from p4 were omitted from

40- to 43-lik e, while ‘one-u p one-down’ mix ing configu ra-

tions were omitted from 39- and 45-lik e. As with 4–4, the

N 1 ( )-electron configu ration set is j u st the N-electron

configu ration set plu s an additional target electron.

F or each core ex citation, DR from R ydb erg nℓ electrons

were calcu lated seq u entially u p to n=25, and then on a

q u asi-logarithmic grid of n valu es u p to n=999. I nterpola-
tion was u sed to ob tain the intermediate n valu es. We inclu -

ded su fficiently many ℓ valu es so as to nu merically converge

the total DR rate coefficient to 1* % over the entire ADAS
temperatu re range, spanning z 10 102 7( – ) K. T he nu mb er of ℓ

valu es req u ired to achieve nu merical convergence varies

according to the ionisation state, and the core ex citation

considered. T he max imu m req u ired was for 41-lik e 4–4

with ℓ 15! .

3 . 2 . R R

R R is most important in the case of highly charged ions. F or

ex ample, in the case of 02-lik e tu ngsten, R R contrib u tes

100% of the recomb ination rate total at peak ab u ndance

temperatu re (see [41]). I n the present work , we have calcu -

lated total R R rate coefficients inclu ding contrib u tions for

dipole radiation only. T his is b ecau se higher-order mu ltipolar

radiation contrib u tions are manifest at high energies, and

hence only higher ionisation states of tu ngsten. Omission of

these contrib u tions leads to a change in the total recomb ina-

tion rate coefficient of 1 % for 37-lik e at peak ab u ndance

temperatu re. Ou r N-electron configu rations consisted of 4d q

and d f4 4q 1$ (q 1 10! $ ). T he N 1 ( )-electron configu ra-

tions were j u st the N-electron configu rations plu s an addi-

tional R ydb erg electron. As with DR , R R contrib u tions from

R ydb erg nl electrons were calcu lated seq u entially u p to

n=25, and then q u asi-logarithmically u p to n=999, with
interpolation b eing u sed to ob tain the intermediate valu es.

T he R ydb erg R R was calcu lated for su fficiently many ℓ

valu es so as to nu merically converge the R R rate coefficient

to 1* % over the ADAS temperatu re range. Given its small

importance to the calcu lations, we will not discu ss R R any

fu rther in this paper.

4. R esults

We have calcu lated level- and configu ration-resolved DR rate

coefficients for 37- to 46-lik e tu ngsten. We split ou r discu s-

sion with respect to the core ex citations that have b een

calcu lated.

4. 1 . 3 –4

T he 3–4 core ex citation has b een calcu lated in configu ration

average, and has b een inclu ded for completeness. I n figu re 1

we have plotted the total 3–4 DR rate coefficients for 37- to

46-lik e. We have also plotted two vertical lines on this figu re

lab elled ‘C P’ (collisionally ionised plasma). T his range is

defined as b eing the range of temperatu res going from the

peak ab u ndance temperatu re of 37-lik e, down to the peak

ab u ndance temperatu re of 46-lik e. Note that the actu al range

of temperatu res of interest will b e wider than this. I t can b e

easily seen that the total DR rate coefficient decreases steadily

as more d4 electrons are added. As the d4 shell is filled, fewer

p d3 4& electric dipole transitions can tak e place, decreasing

the overall total. F or 37-lik e 3–4 contrib u tes 15' % to the
total for temperatu res 3 108. % K, b u t only 12' % at peak
ab u ndance temperatu re (2.7 107% K). As we move along the

isonu clear seq u ence, this contrib u tion rapidly drops to 1* %

of the total recomb ination rate coefficient b y 46-lik e at peak

ab u ndance.

4. 2 . 4–4

4–4 is the largest contrib u tor to the total recomb ination rate

coefficient, constitu ting rou ghly two thirds of the total for all of

the 4d q ions. An ex ample of the configu rations inclu ded for the

4–4 core ex citation is given for 40-lik e in tab le 1. I n figu re 2

we have plotted the total 4–4 DR rate coefficient for 37- to 46-

lik e calcu lated in I C . As with 3–4, we indicate the range of

peak ab u ndances for these ions with the C P region limited b y

two vertical dashed lines. V ery little variation is seen in the DR

rate coefficient in the C P region implying insensitivity to the

atomic stru ctu re of the prob lem. F or 37-lik e, 4–4 contrib u tes
60' % at peak ab u ndance temperatu re (2.7 107% K). As the

d4 shell fills, the 4–4 contrib u tion increases to 73% at peak
ab u ndance temperatu re (2.3 107% K) for 40-lik e. By 43-lik e,

4–4 contrib u tes 76% to the total recomb ination rate coefficient
at peak ab u ndance temperatu re (1.8 107% K). L astly, b y

46-lik e, the 4–4 contrib u tion decreases slightly, contrib u ting
70' % at peak ab u ndance temperatu re (1.3 107% K) to the

total. T he total C A DR rate coefficients for the 4–4 core

F igure 1 . T otal DR rate coefficients for the 3–4 core ex citation for
37- to 46-lik e, calcu lated in C A.

4
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ex citation are q u ite similar to their I C cou nterparts in that they

do not change mu ch b etween different d4 ions. T herefore,

instead of plotting the C A totals, we opt to plot the ratio of the

I C resu lts to the C A resu lts in figu re 3. I t can b e seen that the

ratio deviates strongly from u nity in the C P region for all ions.

T his deviation b ecomes even larger towards low temperatu res.

4. 3 . 4–5

T he 4–5 core ex citation is the second largest contrib u tor to the

total recomb ination rate coefficient. I n figu re 4 we have

plotted the total 4–5 DR rate coefficients calcu lated in I C . As

with figu re 1, we have indicated the C P region with two

vertical dashed lines. F or 37-lik e, 4–5 contrib u tes 20' % at

peak ab u ndance temperatu re. As we move along the iso-

nu clear seq u ence, this contrib u tion flu ctu ates slightly, ranging

from a minimu m of 15% for 40-lik e at peak temperatu re, to a

max imu m of 30% for 39-lik e. F or 46-lik e, 4–5 contrib u tes

25% at peak ab u ndance temperatu re.

As noted previou sly, 37-, 38-, and 46-lik e 4–5 were

calcu lated inclu ding contrib u tions from p4 and d4 , as well as

one-u p and one-down configu rations, and are hence more

‘complete’ calcu lations than the other ions. F u rthermore, 39-,

44-, and 45-lik e inclu de contrib u tions from p4 and d4 , b u t do

not inclu de one-u p one-down mix ing. Upon close inspection

of figu re 4 it can b e seen that 40-, 41-, 42, and 43-lik e are

separated from the other 4–5 rate coefficient cu rves. I n

addition, despite 37-, 38-, and 46-lik e inclu ding one-u p one-

down mix ing, these DR rate coefficients have similar valu es

in the C P region to those ex clu ding these mix ing configu ra-

tions. T his implies that the dominant mix ing effect on the

total 4–5 DR rate coefficient comes from the mix ing of single

p4 and d4 promotions, rather than the dou b le promotions

from one-u p one-down mix ing.

As with 4–4, the C A DR rate coefficients are q u ite

similar for all of the d4 ions, mak ing comparison with their I C

cou nterparts difficu lt. I n figu re 5 we have plotted the ratio of

the I C resu lts to the C A resu lts for the 4–5 core ex citation.

Again, large deviations are seen towards low temperatu res.

4. 4. 4–6

As with 3–4, the 4–6 core ex citation has b een calcu lated in

C A only. 4–6 contrib u tes very little to the total recomb ination

F igure 2. T otal DR rate coefficients for the 4–4 core ex citation for
37- to 46-lik e, calcu lated in I C .

F igure 3. R atio of the total I C DR rate coefficients for 4–4 to the C A
rate coefficients.

F igure 4. T otal DR rate coefficients for the 4–5 core ex citation for
37- to 46-lik e, calcu lated in I C .

F igure 5 . R atio of the total I C DR rate coefficients for 4–5 to the C A
rate coefficients.
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rate coefficient, and is j u st inclu ded for completeness. 4–6

constitu tes j u st 3% for 37- and 46-lik e at peak ab u ndance

temperatu re. We have plotted the total 4–6 DR rate coeffi-

cients for 37- to 46-lik e in figu re 6. L ittle variation is seen for

37- to 46-lik e in terms of the peak temperatu re, which ranges
from 4 to 5 106% K.

5 . DR threshold sensitivity

T he density and positioning of resonances near threshold can

have drastic effects on the DR rate coefficient at low tem-

peratu res. I f the density of resonances is su fficiently large,

then the low temperatu re DR rate coefficient b ecomes

insensitive to shifts arou nd the threshold. T o demonstrate this,

we considered the case of 41-lik e for the 4–4 core ex citation.

We shifted the grou nd state of 41-lik e (ionisation limit of

42-lik e) b y 0.01, and then b y 0.1 R yd. T his lowers all reso-

nance positions. T hen we compared the resu ltant total DR rate

coefficients to the u nshifted case. We have tab u lated these DR

rate coefficients in tab le 2. I t can b e seen that despite these

shifts, the total DR rate coefficients vary only slightly b y 6%–

10% at the lowest temperatu re considered. While not shown

in the present paper, we have check ed the sensitivity of the

level-resolved DR rate coefficient to shifts at low temperatu re

for all d4 ions. F or 38-, and 44- to 46-lik e, we fou nd that

u nder the 0.1 R yd shift the DR rate coefficient for the lowest

temperatu res differs from the u nshifted valu e b y 33%–88%.

F or 37-, and 39-43-lik e, the difference u nder the 0.1 R yd shift

is mu ch smaller, with the lowest temperatu re DR rate coef-

ficient differing b y 0%–15% from the u nshifted valu e.

6 . R elativistic configuration mix ing

As mentioned in the introdu ction Badnellet al [46] considered
the effect of mix ing in d4 -shell ions of tin, presenting the case

of Sn10+ as an ex ample. T hey compared three line strength

calcu lations for Sn10+, calcu lated inclu ding promotions for

p d4 4– only, d f4 4– only, and p d4 4– and d f4 4– promotions

together. T he comb ined case produ ced significantly larger line

strengths than the individu al promotion cases. M ix ing is con-

sistent across isoelectronic seq u ences, meaning that mix ing

effects ob served in tin ions will also b e ob served in tu ngsten

ions. As seen in sections 4.2 and 4.3 the ratio of the I C to C A

DR rate coefficients for the 4–4 and 4–5 core ex citations dif-

fered greatly from u nity, indicating strong mix ing effects. T his

can b e more easily seen throu gh consideration of the partial DR

rate coefficients. We consider the case of the 4–4 core ex ci-

tation for 42-lik e, and ex amine recomb ination into n ! 4, 5, 6,

7, and 8 in b oth I C and C A. We plot these rate coefficients in

figu re 7.

I n all cases it can b e seen that the I C and C A resu lts

diverge at low temperatu res. T his is simply du e to the lack of

resonances at threshold in the C A calcu lation. We focu s ou r

F igure 6 . T otal DR rate coefficients for the 4–6 core ex citation for
37- to 46-lik e, calcu lated in C A.

F igure 7. Plot of partial DR rate coefficients for the 4–4 core
ex citation for 42-lik e for recomb ination into n! 4, 5, 6, 7, and 8,
calcu lated in I C (red cu rves) and C A ( b lu e cu rves).

T able 2. C omparison of total DR rate coefficients for 41-lik e 4–4
calcu lated in I C with grou nd state shifts of 0, 0.01, and 0.10 R yd.
Note x 10x![ ] .

T emp (K) No shift Shift 0.01 Shift 0.10

1.09[4] 4.15[−8] 3.78[−8] 4.41[−8]

2.18[4] 2.77[−8] 2.63[−8] 2.74[−8]

5.45[4] 1.67[−8] 1.63[−8] 1.65[−8]

1.09[5] 1.20[−8] 1.19[−8] 1.20[−8]

2.18[5] 7.93[−9] 7.88[−9] 7.87[−9]

5.44[5] 4.29[−9] 4.28[−9] 4.26[−9]

1.09[6] 2.81[−9] 2.80[−9] 2.80[−9]

2.18[6] 1.66[−9] 1.66[−9] 1.66[−9]

5.44[6] 6.28[−10] 6.27[−10] 6.25[−10]

1.09[7] 2.57[−10] 2.57[−10] 2.56[−10]

2.18[7] 9.81[−11] 9.80[−11] 9.75[−11]

5.44[7] 2.57[−11] 2.57[−11] 2.56[−11]

1.09[8] 9.09[−12] 9.09[−12] 9.05[−12]

2.18[8] 3.13[−12] 3.13[−12] 3.12[−12]

5.44[8] 7.23[−13] 7.23[−13] 7.19[−13]

1.09[9] 2.20[−13] 2.20[−13] 2.19[−13]

2.18[9] 5.98[−14] 5.97[−14] 5.94[−14]
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discu ssion on temperatu res 1 106. % K. T he smallest dif-

ferences b etween the I C and C A partials are ob served for

recomb ination into n=4 and n=7. T he n=4 I C partial is

larger than the C A partial b y 18%, while the n=7 I C partial

is smaller than its C A cou nterpart b y 4%. F or recomb ination

into n=5 and 6, the I C partial is larger than the C A partial

b y 30% and 75%, respectively. L astly, for recomb ination into

n=8, the I C partial is smaller than its C A cou nterpart

b y 42%.

7. I onisation balance

We now consider the impact of ou r calcu lations on the cor-

onal-approx imation ionisation fraction of tu ngsten. We con-

sider this approx imation for simplicity. T his is done b y first

calcu lating the ionisation fraction u sing the recomb ination

rate coefficients of Pü tterichet al [6] and the ionisation rate

coefficients of L ochet al [47]. We then compare this with a

similar calcu lation, where we replace the DR +R R rate coef-

ficients with the valu es reported here. We plot the two

ionisation fractions in figu re 8, along with the arithmetic

difference b etween the Pü tterichet al and cu rrent ionisation

fractions. Note that for ou r discu ssion of these ionisation

fractions, we have omitted the J ü ttner correction describ ed in

section 2.

T he most strik ing resu lt emerging from this plot is the

close grou ping of the peak ab u ndance temperatu res for the d4

ions. I n the present ionisation fractional ab u ndance, the

envelope of peak temperatu res is 0.97–1.6 k eV for 46- to

37-lik e, whereas in the Pü tterichet al ionisation fraction, the

same stages peak at higher temperatu res and cover a wider

range, 1.1–2.3 k eV . T he new rates resu lt in a significant

narrowing of the fractional ab u ndances, almost b y a factor of

2 at the F WHM valu e. T he stages adj acent to this grou p,

47-lik e to 50-lik e, also show a narrowing effect (at a smaller

20% level) which shows the infl u ence of neighb ou ring

ionisation stages.

I n addition, the peak fraction u sing ou r data ranges from

0.13 to 0.17, whereas the Pü tterich et al peak fraction ranges

from 0.1 to 0.2. T he consistency of the peak fraction and the

narrow temperatu re range in which the d4 -shell ions are most

ab u ndant can potentially offer an accu rate plasma diagnostic.

Ob servation of spectral emission originating from a d4 ion

wou ld tightly constrain the temperatu re of the originating

plasma. T he temperatu re region of these ionisation stages will

b e of particu lar interest to the fu sion commu nity as the ped-

estal temperatu re at I T ER is ex pected to b e in the 1–3 k eV

range.

I n tab le 3 we give revised peak ab u ndance temperatu res

and fractions when u sing ou r rate coefficients compared to

u sing Pü tterichet alʼs data, spanning 01-lik e to 46-lik e. T he

F igure 8. Plot of the z ero density ionisation fractions for tu ngsten. T he red-solid fraction was calcu lated u sing the recomb ination rate
coefficients of Pü tterichet al [6], and the ionisation rate coefficients of L ochet al [47]. T he b lu e-dashed fraction was calcu lated in the same
way, b u t the recomb ination rate coefficient data for 00- to 46-lik e was replaced with ou r data from the present work , and Prevalet al [41, 48].
F rom right to left, the b lack parab olas indicate the 10-, 18-, 28-, 36-, and 46-lik e ionisation fractions.
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effect on the ionisation b alance of replacing the ten d4 -shell

DR rates, 46-lik e to 37-lik e are clearly seen b etween

1 and 2 107% K. T he ex tent of the effect of the new rates

ex tends b eyond those replaced and is present at the 10−3 level

u p to 28-lik e (W46+
) and down to 53-lik e (W21+

). T his

accou nts for the nu merical difference b etween tab le 3 in the

present work , and tab le 7 of Prevalet al [42] for some of the

common ionisation stages. Du e to the effect on the ab u n-

dances of adj acent stages b ecau se of replacing these rates

some cau tion shou ld b e ex ercised when u sing the ab u ndances
b elow W28 .

8. C omparison w ith Pü tterich e t a l

T he agreement b etween ou r total recomb ination rate coeffi-

cients and Pü tterichet alʼs [6] is very poor for all d4 ions,

with their rates b eing consistently higher than the present

T able 3. C omparison of peak ab u ndance temperatu res and fractions as calcu lated u sing Pü tterichet alʼs data [6], and Pü tterichet alʼs data
with 01- to 36-lik e replaced with ou r data. T he ionisation rate coefficients originate from L ochet al [47]. Note x 10x![ ] .

I on-lik e C harge Pu tt Tpeak Pu tt fpeak T his work Tpeak T his work fpeak T, % f, %

01-lik e W73 3.88[+9] 0.440 4.06[+9] 0.426 4.72 −3.04

02-lik e W72 2.29[+9] 0.442 2.46[+9] 0.405 7.66 −8.39

03-lik e W71 1.48[+9] 0.360 1.64[+9] 0.363 11.2 0.94

04-lik e W70 9.66[+8] 0.294 1.06[+9] 0.304 9.70 3.41

05-lik e W69 7.17[+8] 0.247 7.67[+8] 0.255 6.97 3.30

06-lik e W68 5.72[+8] 0.218 5.97[+8] 0.228 4.37 4.35

07-lik e W67 4.76[+8] 0.199 4.84[+8] 0.213 1.64 6.70

08-lik e W66 4.03[+8] 0.189 3.98[+8] 0.209 −1.34 10.3

09-lik e W65 3.46[+8] 0.195 3.32[+8] 0.216 −3.79 11.1

10-lik e W64 2.99[+8] 0.214 2.82[+8] 0.229 −5.88 7.03

11-lik e W63 2.60[+8] 0.202 2.43[+8] 0.198 −6.58 −1.75

12-lik e W62 2.25[+8] 0.188 2.11[+8] 0.179 −6.09 −4.99

13-lik e W61 2.01[+8] 0.182 1.89[+8] 0.174 −5.83 −4.33

14-lik e W60 1.80[+8] 0.172 1.70[+8] 0.171 −5.89 −1.00

15-lik e W59 1.62[+8] 0.163 1.52[+8] 0.166 −6.10 1.36

16-lik e W58 1.47[+8] 0.157 1.38[+8] 0.167 −6.31 6.41

17-lik e W57 1.36[+8] 0.139 1.27[+8] 0.154 −6.56 10.5

18-lik e W56 1.26[+8] 0.140 1.16[+8] 0.157 −7.40 12.1

19-lik e W55 1.17[+8] 0.147 1.07[+8] 0.150 −8.22 1.76

20-lik e W54 1.08[+8] 0.150 9.83[+7] 0.160 −9.28 6.65

21-lik e W53 1.01[+8] 0.148 9.01[+7] 0.162 −10.4 9.89

22-lik e W52 9.29[+7] 0.144 8.33[+7] 0.167 −10.4 15.7

23-lik e W51 8.60[+7] 0.143 7.73[+7] 0.153 −10.2 6.79

24-lik e W50 8.01[+7] 0.146 7.14[+7] 0.156 −10.9 6.37

25-lik e W49 7.41[+7] 0.159 6.57[+7] 0.164 −11.3 3.05

26-lik e W48 6.74[+7] 0.181 6.02[+7] 0.174 −10.8 −4.09

27-lik e W47 5.97[+7] 0.136 5.47[+7] 0.182 −8.38 33.6

28-lik e W46 5.10[+7] 0.353 5.03[+7] 0.188 −1.43 −46.8

29-lik e W45 4.32[+7] 0.227 4.62[+7] 0.157 7.16 −30.5

30-lik e W44 3.74[+7] 0.196 4.21[+7] 0.150 12.6 −23.5

31-lik e W43 3.40[+7] 0.194 3.79[+7] 0.177 11.3 −8.90

32-lik e W42 3.22[+7] 0.108 3.30[+7] 0.248 2.45 130

33-lik e W41 3.11[+7] 0.044 2.94[+7] 0.224 −5.47 410

34-lik e W40 3.01[+7] 0.052 2.59[+7] 0.178 −13.9 245

35-lik e W39 2.91[+7] 0.049 2.29[+7] 0.164 −21.5 233

36-lik e W38 2.81[+7] 0.093 2.05[+7] 0.231 −27.2 148

37-lik e W37 2.71[+7] 0.099 1.88[+7] 0.176 −30.4 78.3

38-lik e W36 2.59[+7] 0.118 1.75[+7] 0.157 −32.6 33.9

39-lik e W35 2.45[+7] 0.143 1.63[+7] 0.155 −33.4 8.74

40-lik e W34 2.28[+7] 0.180 1.53[+7] 0.160 −32.6 −11.2

41-lik e W33 2.10[+7] 0.165 1.45[+7] 0.132 −31.0 −19.9

42-lik e W32 1.94[+7] 0.156 1.37[+7] 0.128 −29.4 −18.2

43-lik e W31 1.79[+7] 0.155 1.31[+7] 0.130 −26.7 −15.9

44-lik e W30 1.64[+7] 0.159 1.26[+7] 0.131 −23.5 −17.6

45-lik e W29 1.49[+7] 0.169 1.20[+7] 0.147 −19.9 −12.9

46-lik e W28 1.32[+7] 0.177 1.12[+7] 0.154 −14.9 −13.0
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work . I n figu res 9–11 we have plotted ou r total recomb ination

rate coefficients for 37-lik e, 42-lik e, and 46-lik e, respectively,

along with Pü tterichet alʼs scaled and u nscaled resu lts. T he

differences b etween the present work and Pü tterichet alʼs are

fairly constant. T he scaled resu lts are a factor 3–4 larger than

the present work at peak ab u ndance temperatu re, while the

u nscaled resu lts are a factor 2–2.5 larger.

9 . C omparison w ith other w ork s

Unlik e the ionisation states considered in Prevalet al [48],

very few detailed calcu lations ex ist for the d4 -shell ions of

tu ngsten. T o date, detailed calcu lations have b een performed

for 37-, 39-, 45-, and 46-lik e. We compare each of these

calcu lations with the present resu lts.

9 . 1 . 46- li k e

L ik e other closed shell ions, 46-lik e is an important ion for

plasma diagnostic pu rposes. As well as the present work , DR

rate coefficients for this ion have b een calcu lated b y

Safronovaet al [16] u sing HUL L AC and L iet al [27] u sing

F AC . We have plotted the present total DR rate coefficients,

along with those calcu lated b y Safronovaet al and L iet al in
figu re 12. Ou r and L iet alʼs DR rate coefficients are in

relatively good agreement, differing b y 0% 10%' – b etween

9 10 and 6 105 6' % % K. T his difference gradu ally increases
to 20% b y 1 108% K.

Ou r total DR rate coefficients are consistently larger than

Safronovaet alʼs b y a factor 8' over all temperatu res. We note

that the DR rate coefficients calcu lated b y Safronovaet al

neglects p4 ex citations in the N- and N 1 ( )-electron targets.

However, the contrib u tion from p4 alone is not enou gh

to accou nt for the large difference b etween ou r and

Safronovaet alʼs rate coefficients. We demonstrate this in

figu re 13, where we have plotted the total DR rate coefficients

calcu lated in C A and I C for the 4–4 core ex citation, along with

their respective p4 and d4 contrib u tions. At max imu m, p4

contrib u tes 15% to the 4–4 C A total at high temperatu res,

while the rest is provided b y d4 . Becau se ou r resu lts are in

relatively good agreement with those calcu lated b y L iet al, the
large difference b etween ou r DR rate coefficients and

F igure 9 . C omparison of the present recomb ination rate coefficients,
split into DR (green-dashed), R R ( b lu e-dotted), and the total of these
(solid-red) with Pü tterichet alʼs scaled (orange-dot) and u nscaled
(cyan-dash triple dot) resu lts for 37-lik e. T he solid b lack parab ola
indicates the peak ab u ndance fraction for 37-lik e.

F igure 1 0 . Same as figu re 9, b u t for 42-lik e.

F igure 1 1 . Same as figu re 9, b u t for 46-lik e.

F igure 1 2. T otal DR rate coefficients for 46-lik e as calcu lated in the
present work ( b lack solid line), b y L i et al [27] (red dotted line), and
b y Safronovaet al [16] ( b lu e-dashed line).
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Safronovaet alʼs appears to b e du e to some systematic pro-

b lem/omission in the au thors’ calcu lation.

We note that large differences b etween ou r resu lts and

Safronovaet alʼs are not limited to the present work . F or

ex ample, Prevalet al [41] noted a difference of 47' %

b etween their work and that of Safronovaet al [21] for 10-

lik e tu ngsten. However, comparison of Prevalet alʼs 10-lik e
resu lts with Beharet al [24] (calcu lated with HUL L AC )

showed differences of 10* %. M ore recently, a calcu lation b y

L iet al [27] for 10-lik e showed differences of 30%–40% with

Safronovaet al [21] over a wide temperatu re range while

showing good agreement with Prevalet al at peak ab u ndance

temperatu re. I n addition, Prevalet al [42] recently compared

their calcu lated 28- and 29-lik e DR rate coefficients to those

presented b y Safronovaet al [15, 18]. As in the previou s case,
large systematic differences were ob served of 27% and a

factor 11 for 28- and 29-lik e, respectively. Ex cellent agree-

ment was seen b etween Prevalet al and Beharet al [23] for

28-lik e with differences of 7' % at peak ab u ndance temper-

atu re. F or 29-lik e, good agreement b etween Prevalet al and
Kwonet al [28] was seen with differences of 23% at peak

ab u ndance temperatu re. Withou t repeating Safronovaet alʼs
calcu lations (which is b eyond the scope of this work ), the

origin of the aforementioned systematic difference is

u nk nown.

9 . 2 . 45- li k e

Only one calcu lation has b een done for 45-lik e tu ngsten.

L iet al [25] u sed F AC to calcu late DR rate coefficients for this

ion. I n figu re 14 we have plotted ou r DR rate coefficients for

45-lik e, along with L iet alʼs resu lts. Good agreement is seen

over the entire temperatu re range, with the b est agreement

seen at high temperatu res. At 108K ou r DR rate coefficients

are smaller than L iet alʼs resu lts, differing b y 9%. As we
move towards peak ab u ndance temperatu re (2.9 107% K),

this difference increases slightly to 11%. T he max imu m dif-

ference b etween ou r and L iet alʼs DR rate coefficients is
40%, occu rring at 105' K. T his difference is u nlik ely to b e

du e to the positioning of resonances at low temperatu re, as we

have previou sly shown that the DR rate coefficient is insen-

sitive to positioning at threshold.

9 . 3 . 3 9 - li k e

T he only calcu lation availab le for 39-lik e was done b y

Ballanceet al [49], who u sed a C A distorted wave ( C ADW)

code, named DR AC UL A (Griffin et al [50]) to calcu late DR

for n 0, 1, 2, ! processes. I n figu re 15 we have plotted

Ballanceet alʼs calcu lation, along with ou r total DR rate

coefficient calcu lated in b oth I C and C A. T he shape of all

three cu rves matches very well from high temperatu res
down to 106' K. T he present C A resu lts are in near perfect

agreement with Ballanceet alʼs, differing b y 0.1* % for

temperatu res 107. K. As Ballanceet alʼs calcu lation mirrors

ou rs at high temperatu re, this shows ou r resu lt is reliab le.

T he difference b etween the present I C resu lt and the C ADW
resu lt is fairly constant b etween 10 and 107 8' K, differing

F igure 1 3. C omparison of total C A DR rate coefficients for the
46-lik e 4–4 core ex citation to the total DR rate coefficients of
Safronovaet al [16]. We also inclu de the constitu ent 4d–4f and
4p–4f contrib u tions to the 4–4 total.

F igure 1 4. T otal DR rate coefficients for 45-lik e as calcu lated in the
present work ( b lack solid line), and b y L i et al [25] (red dotted line).

F igure 1 5 . T otal DR rate coefficients for 39-lik e as calcu lated in the
present work ( b lack solid line), and b y Ballance et al [49] (green
triple dotted–dashed line). We also inclu de ou r C A resu lt for this ion
( b lack dotted line).
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b y 15%–16%. Differences b etween all three cu rves appear

for temperatu res 106* K. I t has b een shown previou sly that

the low temperatu re DR rate coefficient in I C is insensitive

to resonance positioning du e to the density of resonances

near threshold. However, in the case of C A, there are far

fewer resonances than in I C , meaning that any differences

will b e dependent u pon the q u ality of the stru ctu re

calcu lation.

9 . 4. 3 7 - li k e

37-lik e is the simplest d4 -shell ion with only a single d4

electron. I nterestingly, this ion has b een considered twice b y

Wu et al [51, 52]. F or the pu rpose of this comparison, we

compare with the resu lts of the latest analysis b y the au thors,

where they calcu lated DR rate coefficients for 37-lik e u sing

F AC . I n figu re 16 we have plotted ou r total DR rate coeffi-

cients for 37-lik e, along with Wu et alʼs [52] resu lts. L arge

differences can b e seen b etween ou r resu lts and Wu et alʼs
for temperatu res 5 105. % K, with the differences gradu ally

getting larger with increasing temperatu re. At peak ab u n-

dance temperatu re, Wu et alʼs DR rate coefficients are larger

than ou rs b y a factor ∼3. A similar discrepancy was

describ ed in Prevalet al [48], where other ions considered

b y Wu et al were also mu ch larger than ou r own resu lts. I t

was noted that the discrepancy b etween the two resu lts cou ld

b e redu ced b y removing the core-rearrangement configu ra-

tions from Prevalet alʼs inner shell DR calcu lations, hence,

redu cing high temperatu re Au ger su ppression. However, as

noted earlier, the inner shell DR core ex citation 3–4 only

contrib u tes 12% at peak ab u ndance, and 14% at higher

temperatu res, meaning this cannot b e the sou rce of the dis-

crepancy. We also note in ou r calcu lations that the high

temperatu re DR rate coefficient does not vary mu ch from ion

to ion, and we are in close agreement with Ballanceet al

[49] for 39-lik e.

1 0 . C onclusions

We have presented a series of DR and R R rate coefficient

calcu lations for the d4 -shell ions of tu ngsten spanning 37- to

46-lik e. T he present work is the first consideration of the 4d q

(q 1 10! – ) ions of tu ngsten. T he rich level stru ctu re of the 4d q

ions, particu larly for half-open ions, renders the level-resolved

DR rate coefficient insensitive to shifts in the grou nd state

energy du e to a high density of resonances close to threshold.

V ery few detailed calcu lations were availab le to compare

the present resu lts with. R elatively good agreement was seen

b etween the present work , and the calcu lations performed b y

Ballanceet al [49] for 39-lik e, and L iet al [25] for 45- and

46-lik e at peak ab u ndance temperatu re. V ery poor agreement

was seen b etween the present work and the calcu lations

performed b y Wu et al [51] and Safronovaet al [16].

Unfortu nately, it has still not b een possib le to pin down

the reason for the difference b etween ou r calcu lations

and Safronovaet alʼs. We fou nd that the present resu lts

were consistently smaller than the scaled ADPAK data of

Pü tterichet al [6] b y a factor 3–4, and a factor 2–2.5 when

compared to the u nscaled data.

I n terms of practical applications, revision of the d4 -shell

atomic data has shifted the peak ab u ndance temperatu res of

these ions to valu es comparab le to the proj ected pedestal

temperatu re of I T ER . T his is significant, as it implies the

lower ionisation state tu ngsten ions (most notab ly the f4 -shell

ions) may not b e as important as the higher ionisation states.

With this paper, only 27 ionisation stages remain to b e

calcu lated for The Tung sten Projec t. T hese stages span the

f4 -shell, and then continu e into the n=5 and n=6 shells.

Given the compu tational difficu lty of the f4 shell, we opt to

nex t ex plore the lanthanide series of ions from 61-lik e to

singly-ioniz ed tu ngsten. We will then complete The Tung sten

Projec t with a final paper covering the f4 ions of tu ngsten,

from 47- to 60-lik e.
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