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Abstract

A working group for updating atomic and molecular collision data in the NIFS database AMDIS
(electron scattering) and CHART (ion scattering) has been organized. This group has searched and
reviewed literatures for collecting relevant atomic data which are to be included into the database.
This is a summary report of the activities of this working group.
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1 Introduction

The Data and Planning Center at The National Institute for Fusion Science, Japan (NIFS) has had a
long history of effective collection of collision data and their critical evaluation and compilation, and of
making these data available for general users. NIFS also has had a long history of productive collaborative
effort of data compilation with other data centers around the world including IAEA data unit and ORNL
fusion data center. The Atomic and Moelecular Numerical Database System of the NIFS has developed
and is opened publicly making it available for registered users. The current system can be readily used
by connection through internet at URL=http://dbshino.nifs.acjp/.

Data compilation and evaluation of atomic and molecular data for fusion research wag initiated by
working groups organized by Professors K. Takayanagi, H. Suzuki et al. in the Institute of Plasma
Physics, Nagoya Univ. (IPP), the predecessor of NIFS, in 1975 [1]. This work has continued in Research
Information Center in IPP, Nagoya from 1979 to 1989 [2], has extended its activity for including plasma
surface interaction data and then evolved into in the Data and Planning Center of NIFS since 1989 [3].

The retrieval and display systems were developed as a joint research program with Drs. Y. Kanada,
K. Takasugi and R. Ogasawaraet al., which have become available for users since 1981 until 1997 through
a rnain frame computer {FACOM) [4, 5]. In 1997 the systems were moved into a unix computer and its
retrieving system was changed to be accessed by using a browser for internet. In Appendix A we describe
the current database systemn and how to use the database for retrieving.

As recent development of the database system, we organized a new subgroup of numerical database
for recombination processes of ions in 1999 and will do so other subgroups for molecular processes starting
in 2002.

In order to update the database and keep its qualisy and content more complete and comprehensive,
we need the continued effort of the data compilation. For this purpose, we formed a working group as a
joint research program for data update of cross sections of lonization and excitasion by electron impact
{AMDIS) and cross sections of charge transfer, excitation and ionization by heavy particle collision
(CHART).

In this report we summarize the activities of the working group for data compilation. Compiled
numerical data are included into the database.

References

[1] Cross sections for Atomic Processes. Vol.1, IPPJ-DT-48 (1975), Vol.2, IPPJ-DT-50(1976), edited by
K. Takayanagi, H. Suzuki.

{2] IPPJ-AM series, IPP, Nagoya Urniv., Japan.
[3] NIFS-DATA series, National Institute for Fusion Science, Japan.
[4] T. Kato, Y. Itikawa, Y. Kanada, and R. Watanabe, Physica Scripta 23 (1981) 198.

[5] T. Kato et al. J. Nucl. Mater. 128 & 129 {1984) 1006.



2 IKElectron-impact excitation and ionization of atomic ions

One of the numerical databases maintained by the Data and Planning Center, NIFS, is AMDIS. Tt
containg cross section data for the electron-impact excitation and ionization of atomic ions. Those cross
sections are useful particularly for diagnostics and modeling of fusion plasmas. To update the content of
AMDIS, a working group has been organized. The followings are a brief summary of the activity of the
group.

Since a large amount of data are expected to be available for the present processes, the task of the
update is divided according to the number of bound electrons (N) of the ions: (a) N=1,2,3 (D. Kato) (b)
N=4-9 {A. Igarashi) {c) N=10-28 (K. Moribayashi) {d)} N>29 (Y. Itikawa). The name in the parenthese
indicates the member of the group who is assigned to the respective isoelectronic sequence of ions. In
addition, some data from Russin reserach groups have been recently reported for various targets, and
these data are also newly included in this database (L. Pichl). For each isoelectronic sequence, the
following procedure is taken:

(1) prepare a list of relevant literature
(i) review the literature to assess the cross section reported
{iit) select the cross section data to be input into the database

(iv) write up a brief explanation of the data selected

Considering the cross section data already kept in the AMDIS, the Hterature published in 1990-2000 is
surveved this time. The lists of the literature have been prepared mainly by Y. Itikawa {refs 1 and 2, and
the list for 2000 attached as Appendix B of this report). Some of the papers report rate coefficients as a
function of electron temperature, instead of or in addition to cross sections. Though the present version
of AMDIS can store only the cross section data, those rate coefficients are also compiled for future input
into AMDIS.

The following subsections give a list of ion species for which cross section data are collected. When rate
coeflicients are available, a letter {r) is inserted after the reference number. Experimental (theoretical)
data are indicated by a letter E (T).

(1) Itikawa, Y., Atom. Data Nucl. Data Tables, 63, 315 {1996):
Annotatated bibliography on electron collisions with atomic positive ions: Excitation and ionization,
1990-1994

(2) Itikawa, Y., Atom. Data Nucl. Data Tables, 80, 117 (2002):
Annotatated bibliography on electron collisions with atomic positive ions: Excitation and ionization,
1995-1999

2.1 N=1,2,3

Reviewed literatures for the hydrogenlike through the lithiumlike sequences are listed in Table 1. In the
table, theoretical and experimental literatures are categorized by letters of T and E, respectively. The
literatures which report rate coefficients or effective collision strengths are indicated by {r) in the last
column.

Only indirect measurements by X-ray spectroscopy of trapped ions are available for highly charged
heavy ions, while direct and precise measurements are available for light ions of Z < 10 with the crossed
or merged bearn techniques. As the available experiments for the very highly charged ions increased
in the last decade, detail examinations of the relativistic and quantum-electrodynamics theories became
feasible.



Table 1: reference table for N=1-3

Process Nuclear charge References
H-like
Excitation 1-6 T [2]
1,6,10,14,20,26 T [3] (r)
2 T [37, 38] (1)
2-5 T [4]
2.6,10,13,18 T [5]
2,26 T [15] (r)
2,26,92 T [24] (r)
6 T [36] (r)
1 T i34] (r)
14 T [39] (r)
20 T [41] (r)
26 T [43] (r)
26,54,67,79,92 T [1]
Ionization 1-28 T [10] (1)
2,6,8,9,12-14,16,17,26,29 T [28]
42,66,79,83,92 E [11]
42.66,79,83,92 T [26]
92 E [46]
He-like
Excitation 16 T [14, 42] (r)
16,20,26 T 6] (r)
18 T [23] (r)
22-26 E [22]
26,54 T [16]
28 T[29] (r)
Ionization 2-28 T [10] (r)
3.6,8,9,12-14,16,17,26,29 T [28]
10 T 7]
92 T {25]
92 E [46]
Li-like
Excitation 5 E [19]
6 E [18, 20]
6 E[21] {)
6 T [40] (1)
6,8 T [8] ()
6-8,10,12-14,16,20,22,26,28,30,32,34,36,42 T [30, 31] (r)
8 E [43]
8-92 T [33]
i8 T [23] ()
22-26 E [22]
26 T [13] (1)
Tonization 34,7 T [12]
3-28 T [10] (v)
) E [19]
6529 T [27]
7,8,10 E [32]
8 E [9




Table 1: (continued.)

Process

Nuclear charge

References
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Figure 1: Excitation cross section of C** by electron impact.
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Figure 2: Excitation cross section of Fe®* by electron impact.

Tables 2-7 show references for ions with 4-9 electrons.

Table 2: reference table for N=4

Process Nuclear charge References
Be-like
Excitation 4-28 T [109)
3 [153]
6 T (86] ()
6-54 T [147} (1)
6-92 T {185
21-30 T {123} (r)
7 T {124 ()
3 T49] (r {69} [ 9] (r) [39] {r) [104] [175]
10 T [104] [125] (r) [146] {r)
14 T [39] (r) [69] [89] (r)
18 T [137] (1)
21-30 T [123] (1)
26 T [59] (x) [69] [76] (x) [89] (r) [100] (r) {104] [173] {187] ()
42 T [39] (r} [69] [89] (r} [113]
54 T [104]
Ionization 5 T [87] [163] [154]
6 T [163] [171] (1)
8 E [183]
10 E [150] {r} [160]




Table 2 (continued.)

Process Nuclear charge References
T [139] [172] (r) [188] [189]
16 T [140] (r)
18 T [139] [176] (r) [177) (x)
20 T [140] (r)
24 T [75] (r)
26 T [80] (r) [94] [140] ()
28 T [68] (1)
36 T [94]
54 T [94]
92 E [161]
T [144]
Table 3: reference table for N=5
Process Nuclear charge References
B-like
Excitation 5 T [133]
5-28 T [126]
6 E [135]
T [50] [67] (x) [82] x) [156]
7 T [50] [82] () [01] (r) [128] ()
8 T [50] [131] (r) [134] (1)
8-92 T [132]
10 T [85] (1) [131] () [134] ()
12 T [134] (r) [168]
12-14 T [131] (r)
14 T [134] (1)
18 T [131] (r)
20 T [131] () [179] (r)
26 T [131] (r) [134] (r) [148] [151] [164] (r) {165] (r) [170] (r)
ITonization 6 E [106] {183]
T {171] (r)
8 T [145] (r) [183]
10 E [150] (x) [160]
T [139] [172] {r) [188]
18 T [139] [176] (r) [177] ()
24 T [75] (1)
26 T [80] {r) [94]
28 T [58] (r)
36 T [94]
92 E [161]
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Figure 3: Excitation cross section of Fe**~ by electron impact.

AMDIS-EXC 2002/08/16 15:18
=16
18 =TT 77T T TR T T T T T T T TTITH
E ' Fa'™ 327 'S —-» 3.32 B E
© Mers, AL sta. (I50)T
B x Nl LB (10857 T
B Fa'™" 347 'Sa --> 334 "D |
L A Brana ALK atat (19677 i
w0 __
s F E
e C
u - m
.
s+ . 1
o . &
w10t L o, —
» E ‘s 3
w £ o™ =
F ) u
" E ’e‘b -
M
.
o }_ ®e T
o L .. 4
-1 *
10 b “q‘ -
E ° 3
o T -
- x -
1g7%° Lo pgant Lo opserial s 1o el 111l
to' 1g* 10° 10" 10*

Electron Energy (eV)

Figure 4: Excitation cross section of Fe?*™ by electron impact.



Crass Sectton €om’)

AMDBIS-ION 2002/08/16 11:3t

ERY
't e -->c? 4+ 3.
=17

.‘0 F T T T T 11 Ill T T T T 1 IIII T T L Il:
E © Zambra, M. el al. (TOS4E ]

L x Westermann, M. of al. (1999)E -

[ A Westermann, M. et 2. (1999)E -
10t -
-~ 3 3
13 - -
G o 13 384 2 7
Z E g L *li;ﬂ; 7
e [ s U070 ;§ B

e T o2 3

w0 'L I o -
o E L] 3
. o m
" I~ i° T
o L N
(=] - =
lo-zo__ _
= o 3

1972! rorosor el ) ooy I 13ty
10 10* 10? 10°

Electron Energy (eV)

Figure 5: Ionization cross section of CT by electron impact.

AMDIS-ION 2002/08/16 11:38
15
e T T T T TTT] T T T T T T 7 TT71T7H
E Ea“+.——>n’+z
C o Amen, KL atal 1571)E
. 4 2 Moores, DL (a7
-1g ;&nge',:;,'.g 91?11-{1977;1'
10 "= = v Kumnar, A ¢ a, (1578)T
= 2+ Dosals, ED. of al. (1S61)F
= 3 e Gafus, PS, o £ (19817
E = = Mueter, DAV, of A, (1985)E
™ q T ey
r e x Jo x v -=> 07 > 3a
AR 2 fcdmn b o3 e
106 = 3 e ¢ o  Tavs
= e taa, x + a
= oy + 3
L4 X+ 3
F IS
- 355
10-15:_ 4
e {M&um—h
10 ] T, 3
= L4 3
107 E
197 ] 1 il | PN 1 NI EER r L1
10' 10° o® 16*

Elactron Energy (eV)

Figure 6: Ionization cross section of O by electron impact.



Crass Section (em')

AMDIS-ION 2002/08/16 11:42

3 a4+
Ne Yoy e --> Ne + Ze
=16
Ia E T v lllllll T T rlllIJI T T IIJKIJE T T illll‘:
E 3 o Saop A (ISTET
E 3 =« H;hn,Y,é197?)T
- 4 & Donels, ED_elal (15218
= Younger, 5 M. (18823T
. |+ Younger, 5.M. {1532|T
+ Younger, S.M. (1982)T
- < © Gregory, D.C. 8l al, (188315
T McGuio, E.5 (1081
ia » Chan, C.¥ 8l al. {1996)T
10 = =
10-1:__ |
L u i
-17
e ' E
107%° Lot roropoanl gl 11 e
10 107 10? i 10°
Electron Energy (eV)
Figure 7: Ionization cross section of Ne*™ by electron impact.
AMDIS-ION 2002/08/16 11:48
+ 2+
Ne + a --> HNea + Ze
~15
10 E T T i||il|1 T ) IIIIIII 11 T |i1|iii T T TTTITH
r © Disarens, M.J. ot al. (195218 3
T = Achenbach, C. et al. {1984)E -
F & Man, XF. etal (1 7
& Yamadsz, | st al. (398"
{ . SmEs i REE i
107" =
e C i
o v
S ﬁﬁ' |
= E hd E:
< E B 3
E . 3
- e v 3
4 - * 4
H .
W - .
Sie
W0 e =
o - 3
a n I 3
1577 Im -
= z
F | ]
L ; A
]0-20 1 L 1[[" L] 1 'lll?li 1 1 fll[l‘l L 1 1 [ 1
10 167 10° 10" 16"

Electron Energy (eV)

Figure 8: Tonization cross section of Ne™ by electron impact.



Table 4: reference table for N=6

Process Nuclear charge References
C-like
Excitation 6 T 116}
7 T [129] (r) [178] (r}
7-16 T [119] (r}
8 T [66] (93] (x) [95)
9 T [83] (x)
9-54 T [157] [166]
10 T [70] {r)
11 T [83] (r)
12 T [68] [13§]
13 T [83] (1)
14 T [96]
15-19 T 183 (r
20 T [47] (r) 63] (1) [65] [79] {r) [97]
2128 [130] ( )
26 T [64] (r
Tonization 7 E {106
8 E [183]
i0 E {150} (r) {160]
T [139] [172] (r} [188]
18 T [139]) [176] (r} [177] (r)
24 T [75] (r)
26 T [80] (r)
28 T [58] (x)
92 E [92] [161]
T [56] [90]
2.3 N=10-28

We found 20 papers in which the cross sections of electron impact processes of Ne-like to Ni-like ions are
investigated. Among them 10 papers show the ionization cross sections. The excitation auto-ionization

dominates in these ions.

The experimental rmeasurements are for TiT: 25464114 - Cpl3+ - ApT+ O]+

Si*=7F, A2+, Cat and numerical calculations are for those of Fe!> and Ar?*. On the other hand, in
the excitation processes, 10 papers are found for experimental measurement and numerical calculation.

The cross sections for Si*T3+, Ar™—

are measured, while those of Co?T™, Fel4t Njl2+

are calculated.



Table 5: reference table for N—7

Process Nuclear charge References
N-like
Excitasion 7 T [117]
8 E [136]
T [101] (r) {102] (x) [103] {r) {120] {r} [121] (r) [149] [180] (r)
10 T (181} (r) {182] (r)
12 T [164] (r) [169]
16 T [184] (r)
12-92 T [191]
Ionization 8 E [106] [183]
10 T [138] [172] (r) [188]
12 T [164] (r)
13 T [152]
i4 E {105]
T [152] {164] ()
18 T [139] [176] () {177] {r)
24 T [75] (1)
26 T [80] (r)
28 T [38] (1)
92 E {161]
T [56] [90]
Table 6: reference table for N=8
Process Nuclear charge References
O-like
Excitation 8 T [11§]
9 T [73] [88]
9-18 T [111] {r)
20 T [10§]
36 T [78]
Ionization 10 E [150} (1)
T [139] {172 (r) [188]
14 E [105] {152]
18 T [139] [176] (r) [177] (r)
24 T [75] (1)
26 T [80] (1)
28 T [538] (r)
92 E [161]




AMDIS-EXC

2002/09/05 1713

i LI N S T B B T O S B Y B

e

T—T T TITITTY

(=]
v
N

T T T

Cross Seetlon (em )
"
o

o

T T

ol v Ly v e e B s P b v

@ Moha%

T
x
o

R W
W et al. (199007
s --3 2.°t'003e Doy
. ot al. (195057

ot
P*i2 --» 2p"('5)3s *Si.r
et al (195007

;‘ 1 -=3 2.°¢*P13e TPy

v
al. {1830]T

-

2p°07032a *Dae

' ez == 25 7R3 TPasy
w Mohan, M et al {1890)T

LR L L

N

Lol

(33
1

"

i vl

0aq

Figure 9: Excitation cross section of Ni

05

1.0

15

3
20 25 30 10

Electron Energy (eV3

1%+ by electron impact.

Table 7:_reference table for N=9

Process Nuclear charge References
F-like
Excitation 9 T [110]
10-26 T [127] (1)
18-23 T [167] (r)
14 T [51] (r) [52] (r)
17 T [72] (r)
22-92 T [74]
26 T [84] [98] (r) [112] (v)
2 T (53] () [53] (x)
34 T [112] (r) [162] [174] [186]
42 T [112] (1)
47 T [112] (1)
54 T [112] (1)
63 T [112] (r)
Tonization 10 E [106]
T [139] [172] (r} [188§]
14 E [109]
T {190}
18 T [139] [141] [176] (r) [177] ()
24 T [75] (r)
26 T [80] (r)
28 T [58] (1)
92 E [161]




Table 8: Reference table for N=10-28

Process ion species  References

Excitation ST E [197]

Ar’TT E [198]

Ard+ T [201]

Feld~ T [202)

ArST E [206]

8i2+ E [207]

S+ E [208§]
N2+ T {2097 (CS)

Felt~ T [210]

Co™ T [211]

lonization Cl— E [192]

Titl+ E [193]

Cri3+ E [193]

Ar'+ E [194]

Mg™ E [195]

Ti%~ E [196]

§if .7+ E [199)]

Sjt—3+ E [200]

Ti+_.2;,41—:6+ E [203}

AP+ E [204]

Ca™ E [205]
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Figure 10: Excitation cross section of Si®t by electron impact.



2.4 N>29

Cross section data have been collected for the ions listed in the following tables. In the tables, the ions
are listed in ascending order of atomic number (Z). For excitation, experimental data are available only
for Znt, Krt, Kr®", St and Ba™, while most of the data available for ionization are experimental.

Table 9: Reference table for N > 29

Process Ion species References
Excitation Zn™T E [238] [243] T [241]
Krt E [239]
Kr?t T [248] (r)
Kr®t T [247 (r) [248] (1)
Kré+ T {248} (r)
Ko+ E [244] T [245]
Sr + E [240] T [242]
Xe?+ T 1249 (1)
Xe3t T [246] (r) [249] (1)
Xedt T [249] (1)
Ba™ E [240] T [249] (r)
Ba®t T [249] (1)
Cu-like (Z=60-92) T [237]
Tonization Zn E [215]
Gat E [214] [236]
Ge™ E [230]
Set E [229] (1)
Krt E [230]
Kr?t E [213] [219]
Krit E [221] [223] T [225]
Krd+ E [221] T [225)]
KrS+ T ]225] [233]
Kr'+ E [221] [223] T [225] [232)]
Sr+ E [231]
Mo™ E [229] [235]
Mo+ E [229] [235]
Mo®+ E [229] [235]
Mo*+ E [226] (r) [229] [235]
Mo5+ E [226] (r) [229] [235]
Mo+ E [229] [235]
Mo™+ E [229]
Mo®+ E [229]
Moll+ T [251] (r)
Mol2+ T [233]
Aglet T [251] (r}
Cd+ E [224]
Int E [218] (r) [230]
Te* E [222] (r)
Xet E [218] (1)
Xe?T E [213] [219]
Xeb+ E {223
Xe®~ E [223] [252]
Xe2¥ T T [251] (1)
Xe#t+ T [233]
Cs™ E [231]
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Table 2: {continued.}

Process Ion species References
Bat E [220]
Ba+ E [216] [252]
Ba®t E [216]
Pr2s+ T [250] (r) [251] ()
P29+ T [233]
Eud2+ T [251] {r)
Dy35+ T [250] (r) [251] (x)
D36+ T [233]
Tab™ E [223]
w E [227] [228] T [217]
Wi E [227] [228]
Wi+ E [227] [228]
Wi+ E [227] [228] T [234]
Wat E [227] [228] T [234]
W+ E [227] [228] T [234]
W E [227]
We E [227]
wes E [227]
Wio+ E [227]
Ulo, 13+, U6+ B [219] [223]
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2.5 H, He, N, O, Ar, Xe, Au, Pb, Ti, Kr, Sn, Ta, U

New electron impact data by theoretical group in the Joint Institute for Nuclear Research in Dubna are
to be added into the NIFS databases. The processes presently covered are

XQ"f‘ +e” = X{Q'i'l)‘f“ + 26‘,

for the electron energy range from iomization threshold up to 200 keV. Here X stands for the atomic
targets and their respective positive ions,

X = H, He, N, O, Ar, Xe, Au, Pb, T4, Kr, Sn, Ta, U.

The data is a compilation of experimental results {255, 256] and ” Atom” code simulations {Coulomb-Born
approximation with exchange term in the partial wave representation, including at least three target
outer-most shells) [257]. Numerical results are fitted, and also tabulated including the fitting error. All
parameters for the fitting formulas are given. The authors claim the accuracy within a factor of two as
compared to the experimental results, which is demonstrated by several examples in the introduction of
the Dubna report [253].
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3 Charge transfer and ionization by ion impact on atoms and
molecules

Among many databases stored in NIFS, CHART is primarily concerned with excitation, charge transfer
and lonization in ion impacts on atoms and molecules in a wide range of impact energies for a variety
of coliision pairs. Since the last effort of the data compilation and publication in late 80th, more new
experimental and theoretical investigations have been reported, and corresponding new cross section data
have become available for revision as well as new addition to the database. Accordingly, we undertake the
present effort to update the current database and reexamine the contents. It has been kpown that H.,
COa, and Oy molecules are present in the reactor as impurities, and various hydrocarbons were recently
found to be produced near the divertor edge where the plasma temperature is low. Hence, the information
of their spectroscopic data and the dynamical behavior of these molecules is important for the modeling
and other applications. But reliable data concerning these molecules were still quite limited. Recently,
more systematic studies on molecular targets have been carried out for charge transfer and ionization
including the classification of {fragmented species, and certainly these data should be included in the
database. Hence, a particular effort was placed on molecular targets in the current project, although new
data for atomic targets were also critically evaluated and included. In this report, we divide this sec-
tion into two sub-sections, (i} atomic targets (Morishita) and (i} molecular targets and their fragmented
species {Kusakabe, Imai, Kimura, Motchashi).

3.1 Atomic targets

For atomic targets, we are concerned with primarily H™, Het, (77, and Q7% ions since these ions are
most important plasma species not only in fusion, but also other applied fileds such as astrophyics,
aerospace science, and technological applications. Furthermore, these ions are repeatedly studied at
different energy regions for various inelastic processes for better precision. As for targets, we selected
neutral species of these ionic species because these neutrals are abundantly present as impurities in the
fusion reactor. Recent measurements for these species below 100 keV /u are believed to be more reliabie
because of better experimental and theoretical tools and techniques used. Hence, the present revision for
these collision pairs may significantly improve over old data particularly for charge transfer.

Table 10: Reference table for atomic targets
Projectile ionic species: H™, He?™ {q=1,2),C9 (q=1-6),097 (g—1-8)
Target atomic gpecies: C, N, O
Energy region: a few eV- a few MeV
References: [1] - [15]

(a) Carbon ions on H atom

Table 11: Reference for Carbon ions on H atom

System  References Experiment/Theory Energy (keV/u)

C*F+H [1] T 0.1-150
C**+H 2] T 0.05-9
C*t+ H 3] T 0.05-10000
C*t+H [4] E 0.006-1
C*+ 1 5] T 0.01-2
C*+ H 6] T 0.01-10
C3+ I 7] T 0.0001-10
Co++ 1 i8] T 1-400
C*+H 9] T 0.1-500




(b} Heavy-atom targets

Table 12: Reference for heavy atoms

Systern References Experiment/Theory Energy (keV/u)
0F  + Mg 0] E 90-2000
He** + Mg f10] E 43-500
AP + H [11] T 0.5-10
H™ + Fe [12] E 70-500
He>t + Fe [12] E 37.5-360
H* + Cu [13] E 70-720
He?* + Cu [13] E 35-360
0" + Ga 14] E 38-1440
He’t + Ga [14] E 38-1440
H™ + Pb [13] E 50-600
He?~ + Pb [15] B 50-600
CHART 2002/08/16 19:45
10 ‘L: T 'HI|-[ T 7 l;l“l[ T 1 ll““l T T \lii“l T 1T \IIIEIJ T T llHLL
E E ca Hoekslra,;UQ%D}Et 1eiaes + o7
o T c’ Fﬁlgh.W:g@&),E‘Ed’ =¥
i 4 & omamnEiossE
+ Tseng, H{1 9%?;”
r Tt ere’y + Heled --x CM 012734 & W'
- . + Emea, L{1898)T
~ ] F
E10 , It =
A ﬁ% ; ]
Pl RN ]
U'Ew = ﬂﬁ =
30‘11 L1 \ll[”{ | - ll[l[il L1 (ll‘lll | 'Llllll 1 il”l"‘ 32 1kl
10° 10 10° 10? 10t 10° 10°

Energy C(eV?)

Figure 16: Charge transfer cross section of C*~ + H collision.

3.2 Molecular targets

Most of gaseous as well as condensed species around us are present apparently in a form of molecules.
Therefore, coilision processes between ions and molecules are of basic importance for understanding
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a variety of phenomena and applications. Yeti, the present knowledge of collision processes involving
molecular targets is very limited and the amount of collision data is scarce. Charge transfer from molecular
targets is among those whose data are urgently required in many applied fields because charge transfer
makes a dominant contribuiion to the total cross section below 100 keV /u, or so over ionization. Here
we attempt to review cases of some selective molecular species as shown in Table 13.

Ag described, Hy, CO, COs, and Qs molecules are known to be abundantly present, and various types
of hydrocarbons (C,H,,, where n=1-4 and m=2, 4, 6, 8. 10) have been observed near the divertor edge.
Hence, various inelastic collision processes for these large hydrocarbons are also important which provide
essential ingredients for the modeling of plasma and carbon behavior.

Except for research journals, we consulted some data books, and these include:

(1) International Bulletin on Atomic and Molecular Data for Fusion: JAEA, No.42 (1991)-58 (2000}

(2) CIAMDA 98 {An Index to the Literature on Atomic and Molecular Collision Data Relevant to
Fusion Research): IAEA (1998}

(3) Bibliography on Electron Transfer Processes in Ion-Ion/Atom/Molecule Collisions-Updated 1997-:
H. Tawara, NIFS-DATA-42, (1997).

(4) Cross Sections for Charge Transfer of Hydrogen Atoms and lons Colliding with Gaseous Atoms
and Molecules: Y. Nakai, T. Shirai, T. Tabata and R. Ito, At. Data and Nucl. Data Tables 37, 69
(1987).

(5) Data on Collisions of Hydrogen Atoms and Ions with Atoms and Molecules (1) {Cross Sections for
Charge Transfer of H, H™ with Ha, N», Oy, C and Carbon Containing Molecules): Y. Nakai, A.
Kikuchi, T. Shirai and M. Sakata, JAERI-M 83-013 {unpubiished).

For hydrocarbons, very few investigations have been carried out to date. Therefore, we undertook the
effort to carry out a joint experimental and theoretical study of charge transfer from these hydrocarbons
by H*, C*, OT ion impacts below 100 keV. We have also carried out a careful study of the effect of
vibrational states of the target.

Furthermore, some ionic projectiles in the second row of the periodic table {Lif" — Ne?") in collisions
with Hy and D targets were studied relatively frequently, and hence, charge transfer and ionization cross
section data for these projectiles are newly included in this report.

Molecular ions after charge transfer are often unstable and undergo dissociation or Coulomb explosion
to smaller neutral and ionic species. These dissociation processes are important, but very few studies has
been carried out as described in the next section. Charge transfer study from molecules other than M-
and Dy is very rare as exemplified in this report, and in fuiure, we need to direct our effort toward this
direction.

Table 13: Reference for molecular targets

Projectile ionic species: HT, DT, He¥™ (q=1,2), L% {(q=13),Be? {q= 14}, BI" (q =
1-5}, C9F (q = 1-8), N9~ {q = }-7), 097 (q = 1-8), Fi7 (q = 1-9), Ne?T
(q = 1-10)

Target atormic species: CO, CO,, Hy0, C,H,, (hydrocarbons)

Energy region: 1 eV - a few hundred keV

Search of papers published:  Primarily since 1990, but we also include a few prior to 1990,
References: [16] - [76]

Projectile ionic species: HT, Hyj, Dy
Target molecular species: Hs, Do
References: [102], [107], [108], [122], [125], [136], [144], [160], [169], [171], [173], [177),

[182], [184), [188], [196], [220], [245], [256], [208]




Table 13: {continued.)

Projectile ionic species:

Target molecular species:

References:

Fe™ (q=1,2)

Hz, Dy

[79], [83], [84], [90], [96), (98], [108], [121], [122], [125], [135], [155], [163],
[164], [194], [205], [213], [218], [220], [228], [231], [234], [236], [244], [249]
[257], [261], [262], [273], 1275], [278], [279)], [284], [285]

Projectile tonic species:

Target molecular species:

References:

L (q=13)
H,
[99], [117], [246], [257]

Projectile ionic species:

Target molecular species:

References:

BefT(g=—1-4)
o,
[139], [237], [267], [294]

Projectile ionic species:

Target molecular species:

References:

BT (q=1-5)
Ho
[100], [101], [103], [139], [267]

Projectile ionic species:

Target molecular species:

References:

C?* (q=1-6)

Ha, Dy

[89], [93], [941, [95], [97], [100], [101], [105], [108], [109], [110], [113], [114],
[115], [116}, [118], [122], [124], [126], [128], [129], [135], [137], [138], [140],
[143], [154], [157], [158], [161], [162], [175], [176], [178], [179], [180], [190],
[211], [212], [215], [216], [221], [229], [230], [232], [238}, [246], [250], [253],
[254], [255], [259], [260], [263], [264], [265], [277], [286], [297], [299], {300],
[301]

=

Projectile ionic species:

Target molecular species:

References:

N7+ (q=1-T), N§ " (g=1,2)

H., D

[89], [94], [97], [100}, [105], [108], [109], [111], [113], {124], [130], [141],
[142], [145], [151], [152], [156], [157], [158], [161], [162}, [166], [172], [176],
[178], [179], [183], [186], [191], [193], [198], [199], [201], [206], [232], [235],
[253], [277), [287], [289], [290], [291], [292], [299], [301]

Projectile ionic species: 09+ (q=1-8)

Target molecular species: H,, Do

References: [85], [886], [89], [92], [94], [97], [100], [104], [105], [108], [109], [110] [113],
[124], [126i, [127], [130], [135], [138], [149], [150], [157], [158], [159], [161],
(162], [176], [178], [179)], [180], [183], [192], [197], {204], [208], [209], [211],
[212], [216], [221], [225], [226], [232], [233], [235], [239], [243], [246], [247],
[251], [260], [266], [268], [276], [277], [282], [283], [288], [295], [299], [301],
[302]

Projectile ionic species: F?*(q=1,6-9)

Target molecular species: H,

References:

[82], [87], [161], [162], [200], [204], [219], [222], [223], [227], [240], [241],
1248], [251]

Projectile ionic species:

Target molecular species:

References:

Ned™ (q=1-10)

Hy, D

[91], {foe], [108], [111], [113], [120], [132], [134], [135], [147], [149], [153],
[161], [162], [165], [168], [170], [178], [179], [183], [203], [210], [242], [301]




Table 13: (continued.)

Projectile ionic species:

Target molecular species:

References:

i+, H;,D;, 3, D3
N,, O
[8?)], [828], 1107], [136], [148], [174], [185], [202], [228], [274], [280], [287]

Projectile ionic species:

Target molecular species:

References:

He?™ (q=1,2)

Na, O2

(771, [78], [81], [83], [84, [119], 131}, [133], [135], [146], [163], [164], [167],
[187], [189], [207], [228], [234], [236], [249], [258], [269], [275], [206]

Projectile ionic species: Lit

Target molecular species: Na

References: [80]

Projectile ionic species: B4t (g=1-4)}
Target molecular species: Na, O
References: {133], [272], [294]
Projectile ionic species: C9+{g=1-6)
Target molecular species: Na, Oy

References:

[93], {94], [109], [124], [135], [143], [190], [264], [265]

Projectile ionic species:

Target molecular species:

References:

N4+ (q=1-4,6), NI (q=1,2)
Na, O
[94], [109], [123], [124], [145], [181], [186], [195], [270], [271], [290], [291]

Projectile ionic species:

Target molecular species:

References:

077 (q=1-3.8), O3

Ng, Og

[85], [86], [92], [94], [109], [112], [124], [135], [159], [187], [214], [224],
[281], [283], [293]

Projectile ionic species:

Target molecular species:

References:

Fr
N2
[82]

Projectile ionic species:

Target molecular species:

References:

Net(q=1-10}
N3, Qg
(81}, {120}, [133], [135], [147], [217], [303]
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Figure 19: Charge transfer cross section of H™ + CO collision.
CHART 2002/10/17 09:34
ln_‘l: T |||||||I T |||[l||1 T ll]llll! T 1 |II|I|I T |4[i“l T T ]lf?_
E E He' + €O --3
r 1o voanTpemE
C ] :mum,f
a
B T Ha” ;!;T: EM- + co’
ol . |
b .a =
s P T ;
s C i3 . ]
2 r Iz . ]
a B a T
FIL - E
@ o F) ]
= f . ]
st : :
w = - -
T :, __
F = 3
L . 4
1ol vl oened v avid o rond v vt v 1 inu
0" 10? 10? 0t 10° 10° 1o’
Energy (eV)

Figure 20: Charge transfer cross section of He™ + CO collision.
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Figure 21: Charge transfer cross section of OF + HyO collision.
GHART 2002/10417 14:30
‘U-I:l

L L B B L B B T 1 S S e T ) B e B ETEY) B e
3 "+ CHe --3 Hs
(-]
10"" x g?G)E}E
- M

M H® + CHy -~ + CH,
s °% t“!v" :' . . mnin;,_r(wgng e’
10 g" ¥ Rudd, W[1983)E
aye + Jones, M(1985)E
e & Gao, RI%0E
i x Kusiabe, T(2009)
. 2 Kusakabe, TH2000)T
g tE H’{-cu. --3 Hen=1) + CH'
) " Varmese,mgasgs
%
HJ—IT
o'
7't 3
L]
-z20
10 -
-
1977
*
IU-ZZ porvivd oy oprpvend o ovypemb oy gyt oy o pergenl 14 g itsn
10 167 18’ * 10° i0® 107

Energy (eV)

Figure 22: Charge transfer cross section of HY + CH,4 collision.
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3.3 Fragmented Species from Molecular Targets

Fragmentation or dissociation of molecule is one of the most fundamental processes among chemical re-
actions. Most of molecular ions (positively, or negatively charged) are often unstable, and after the short
life-time, they are likely to dissociate. Hence, dissociation processes via charge transfer of ion-molecule
collisions are especiaily important in the plasma of ionosphere and nuclear fusion, because the correspond-
ing cross sections are very large {in size). There has been very scarce, however, of quantitative studies on
dissociative ion-molecule collisions in intermediate energy from IeV to 100 keV. In this subsection, cross
sections, branching ratios of ion production, and the kinetic energy distributions (KERD} of fragment
ions released are compiled and analyzed.

Papers on the dissociative charge transfer of ion-molecule collisions that were published in the period
from 1990 to 2000 were researched. Twelve papers on the studies of cross sections and six papers on the
studies of branching ratios of ion production, and KERDs of fragment ions were found in four journals
(Physical Review A, Physical Review Letters, The Journal of Chemical Physics, and Journal of Physics
B). Incident ions in the present research were limited to H*, C97, N?", Q9T and rare gas ions. Target
molecules were Hz, Na, Gz, CO, COy, H70, and the simple hydrocarbon molecules. Collision energy
is in the range from 1 eV to 100 keV. Charge transfer processes are believed to be dominant in this
energy range over ionization and elastic channels. Cross section measurements were very scarce because
most studies on dissociative ion-molecule collisions were carried out by using the mass spectrometry or
analyses of fragmentation dynamics. Therefore physical quantities, for example the branching ratios for
dissociation and the KERD of fragment ions, were studied through the cross section data. Many studies
on reaction rate coeflicients in the collision energy less than 1 eV are excluded. Dissociation processes via
direct ionization by fast ion impact in the energy range larger than 100 keV are also excluded though many
studies in collisions between highly charged ions (HCIs) and molecules conform to this case. Cross section
measurements of dissociative charge exchange in collisions between highly charged ions and molecules are
very few because total charge exchange cross sections are measured by the beam attenuation method in
many cases. Rare gasions are frequently used in the cross section measurements due in part o that these
rare gases are easy to handle. The number of optical emission cross-section measurements is less than



that of ion production cross section measurements because of their weak signals. There are no theoretical
investigations, to the author’s knowledge, on the dissociative charge transfer between ion and molecules
except for Ha, D2, and HD. Each cross section data is necessary to be checked by other experimental and
theoretical studies.

The KERDs of fragment ions were investigated in HCI-molecule collisions in many cases to verify the
Coulomb explosion mechanism. It is difficult to convert, the branching ratio into the cross-section because
the intensity ratio among fragment ions was not measured in many cases.

Table 14: Reference for molecular fragmentation via charge transfer
Projectile ionic species: HY, D, He™ (q =1, 2) , C?F (g = 1-6), N?* (q = 1-7), O¢F (q =
1-8), Ne9t (q = 1-10)
Target atomic species:  Hs, CO, CO;, Os, NO, NO,, H.0, C,H,, (hvdrocarbons)

Energy region: 1 eV - a few hundred keV
References: [304] - [326]
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A Manual for the AMDIS and CHART databases at NIFS

A.1 Introduction

The National Institute for Fusion Science (NIFS} continuousiy develops an Atomic and Molecular Numerical
Database System in the following 4 categories:

AMDIS': a database of cross sections for ionization, excitation, recombination, and dissociation of atoms,
ions, and molecules by electron impact. Rate coefficients for recombination are also included;

CHART?: a database of cross sections for charge transfer and ionization of atoms, ions, and molecules by
ion collisions;

SPUTY?: a database of sputtering yields for monatomic solids by ions; and

BACKS*: a database of light ions particle- and energy-backscattering coefficients from solids as functions of
energy and angle.

These databases include numerical data along with the bibliographic information. Numerical data can be
displayed in two modes, either as a numerical table or a graph. Users can specify the plot regions of the graph.
The output figures can be downloaded as a PDF file or a Postscript file for printing.

Furthermore, we have recently been building two new databases for molecular collisions, “AMOL” {for
electron collisions with AMDIS-type-molecules) and “CMOL” (for heavy particle collisions with CHART-
type-molecules). The AMOL and CMOL databases will include all collisional processes for molecules, such as
dissociative attachment and dissociative ionization. The numerical data covered will be the cross sections and
rate coefficients, and also some additional information, such as the branching ratios of dissociation. We will
start collecting data for hydrogen molecule, hydrocarbons and other molecules important for plasma physics.

These databases are available on the internet at URL=http://dbshino.nifs.ac.jp/. They are free of charge
for the research purpose of registered users. The registration form can be found at the same URL address.

Bibliographic databases are also available via http://dbshino.nifs.ac.jp/. They can be used independently
or in a connection with the numerical database, both being crosslinked. We have 3 bibliographic databases:
two of them are built on the data extracted from INSPEC for fusion sciences and plasma physics, “FUSION”
and for atomic and molecular physics “AM?”, and one contains the bibliography for atomic collisions compiled
by Oak Ridge National Laboratory, USA, “ORINL”.

In the following, we briefly describe how to use the numerical databases AMDIS and CHART.

A.2 AMDIS

The AMDIS database consists of 4 groups: “IONIZATION” for ionization cross sections by electron impact,
“EXCITATION” for excitation cross sections by electron impact, “DISSOCIATION” for dissociation cross
sections of molecules by efectron impact, and “RECOMBINATION” for recombination cross sections and rate
coeflicients by electron impact. Here we describe how to retrieve data from this database.

A.21 TONIZATION

(2} Retrieving data

In order to retrieve the data, users need to specify at least one item in the input fields. Filling out all the
input fields is not required. Figure A1 shows the data retrieval page.

The main input fields and examples of input values are shown in Table A1,

To specify an author including the initial of the first name, you need to use brackets { } such as “{Einstein,
A}’ If you want to search for two author names using the logical ‘ANTY, input “A & B”, and if you want
to search for two authors names with logical ‘OR’, input “A | B”. These rules of using { }, &, | are valid for

Loriginally Atomic and Molecular Drata Interactive System
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3SPUTtering Yields

‘BACK Scattering
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the input fields marked with's”. Also, the items marked with “«” {Element, Author etc.) do not distinguish
between the lower case and upper case letters, but all the other items do.

You can select theoretical, experimental, or evaluated data. If no selection is specified, all kinds of data are
retrieved.

As mentioned above, when one input field is filled at least, the database can retrieve data. For example, if
you fill only “C” in the Element field, the database retrieves cross section data for all ionic stages of carbon. If
two or more fields are filled, ali are combined using “AND” as the retrieving condition.

There are other additional items summarized in Table A2 which can be specified. These items can be
combined using “AND” or “OR”, as you set.

After filling in the desired input field, please click “Search Data” button to start the data retrieval. K the
number of data hits exceeds 300 records, the output is truncated, and only the first 300 records are shown.

Table Al: Main input fields and examples of input values for retrieving data in AMDIS-IONIZATION

Field name Example of input values Comments

Element* “H” or “He” Chemical Symbol.

Initial ionic state “1” or “10” or “-17 Number.

Number of electrons  “27 For isoelectronic sequences. Number.
Final ionic state “1” or 17 Number

Author® “Bohr”

*{FEinstein, A}”
“Bohr & Kinstein”
“Bohr | Einstein”

Use brackets when including the first name initial.
For Bohr AND Einstein.
For Bohr OR Einstein.

Year of publication

“From 1990 To 20007

“From 1992 To 1992~

For one year only.

Table A2: Additional input fields and examples of input values for
retrieving data in AMDIS-IONIZATION

Field name

Example of input
ues

val- Comments

Record nummber
Author(s)*

First author*

Element™®

Journal name

Journal name abbreviated

Title*

Reference number
Type in theory or experiment
Initial configuration

Final configuration
Type of T. or E., abbreviated

Transition energy
Minimum incident energy
Maximum incident energy

“003221”
“Spitzer”

“Zhang”

“Fe17

“{Phys. Rev. A}”
HPRA”

“Tonization%”
“Orionization%”

“1972T010”
“Born”

“1527

“1s 287

¥25 2p 3P1”
“B” for Bron

“From b to 157
“From 1 To 10"
“From 10 To 207

Number of the record in the database.
The same rules as described above.

Chemical symbol.

Use brackets when using the period.

Refer to Table A3 for journal name abbrevia-
tions.

You need to input the exact full title, or spec-
ify the first word as “lonization%".

To specify a word included in the title. Use %
at both ends.

Reference record number in the database.
Confer Table A4 for the list of methods.

= 1g°

= 1s2s

= 2s2p *P,

Confer Table A4 for the list of methods.

In the units of eV.
Select the region of minimum energy (eV).
Select the region of maximum energy {eV).




Retrieved data can be sorted in the ascending order for the specified sorting keys, which are Element (EL),
First author (AU1}, Publication year( DP), Initial ionic state (IST, INS), and Final ionic state (FIS).

Table A3: Journal names and abbreviations in AMDIS

Abbreviated Journal name Journal Name

AA Astron. & Astrophys.

AAS Astron. Astrophys. Suppl. Ser.

ACP Atomic Collision Processes, Proceedings of 3rd ICPEAC.

ACS Atomic Col. Solids, Brighton

ADN Atomic Data and Nuclear Tables

AFP Arkiv For Physik

ATP111 AIP Conf. Proc. No.111

AP Aust. J. Phys.

AJR Aust. J. Sci. Res. A

APJ Astrophys. J.

APJS Astrophys. J. Suppl.

APP Appl. Phys.

APPA Appl. Phys.

APPL Appl. Phys. Lett.

APSS Appl. Swrf. Sci.

AM Adv. Atom. Mol. Phys.

ANA Ann. d’Astrophys.

ANP Ann. de Phys.

AZA A Z. Angew. Phys.

BA Bull. Am. Astr. Soc.

BAU Bull. Acad. USSR. Phys. Ser.

BC Bull. Astron. Inst. Czech

BN Bull. Astr. Inst. Netherlands

BSCF Bull. Soc. Chim. Fr.

BT Butsuri

CEN C. E. N. Report

CFADC CFADC Data Collections and Codes
(http://www-ctadc.phy.ornl.gov/data_and_codes/)

CJp Can. J. Phys.

CMP Comments At. Mol. Phys.

Cp Chem. Phys.

CPL Chem. Phys. Lett.

CRAS Compt. Rend. Acad. Sci.

CSAC Case Studies in Atomic Collision Physics 2nd. E. W. McDaniel and
M.R.C.McDowell (North-Holland) Chap.4

DAR Douglas Adv. Res. Lab. Res. Communic.

EPJD Eur. Phys. J. D

FPU Fiz. Plazmy (USSR)

GMR General Mills. Report

GRL Geophys. Res. Lett.

HPAA Helv. Phys. Acta. A

HT High Temp.

1B Tonic Bombardment

IBSLA lon Beam Surf. Layer Analysis, Karlsruhe

ICPI10 10th ICPEAC, Abstracts of papers

ICP11 11th ICPEAC, Abstracts of papers

ICP4 4th ICPEAC, Abstracts of papers

ICPS 5th ICPEAC, Abstracts of papers




Table A3: (continued.)

Abbreviated Journal name Journal Name

ICP6 6th ICPEAC, Abstracts of papers

1CP7 7th ICPEAC, Abstracts of papers

ICPS8 8th ICPEAC, Abstracts of papers

ICP9 9th ICPEAC, Abstracts of papers

ICPIGY IX Proc. Int. Conf. Phenom. Toniz. Gases, Bucharest

IET Instr.Exp.Tech.

1P Indian J. Phys.

INDC INDC{NDS)

IPC28 Inst. Phys. Conf. Ser. No.28

PGS Ioniz. Phenom. in Gases, Munch, ed. by H. Maecker

IPG6 loniz. Phenom. Gases, Paris

FLER! Max-Planck-Institut fuer Plasmaphysik Report IPP-JET

PP IPP

IPM IPPJ-AM

1Q Information quarterly No.6

ISIAT4 Proc. 4th Symposiumn Ion Sources and Ion Application Technology,
Tokyo

JAERIM JAERI-M

JACS J.Amer. Chem. Soc.

JAP J. Appl. Phys.

ICI J. Chim. Phys.

JCP J. Chemn. Phys.

JEC J. Electron. Control

JES J. Electr. Spectros. and Rel. Pheno.

JETP JETP USSR (Russian)

JGR J. Geophys. Res.

JILA JILA Report

JJPA Jpn. J. Appl. Phys.

JNM J. Nucl. Mater.

JMT J. Appl. Mechan. Tech. Phys.

JNB J. of Res. of the National Bureau of Standards

JO J. Opt. So. Am.

JPB J. Phys. B

JPD J. Phys. D.

JPE J. Phys. E

JPS J. Phys. Soc. Jpn.

JQ J. Quant. Spectrosc. & Radiat. Transfer

JS J. Sci. Res. A

JVS] J. Vac. Soc. Japan

LAS Los Alamos Scientific Laboratory Report

LJP Le J. de Physique

MC Mem. Coll. Sci. Kyoto Imperial Univ. A

MNR Mon. Not. R. Astron. Soc.

MR Mem. R. Agtron. Soc.

MSR. Mem. Soc. R. Sci. Liege

MT Measuring Technique

NASATR NASA Tech. Report

NC Nuovo Cimento

NCA Nuovo Cimento A

NCB Nuovo Cimento B

NF Nucl. Fusion

NF5 Nueci. Fusion Suppl.




Table A3: (continued.)

Abbreviated Journal name

Journal Name

NIFS
NIM
NMIA
NMIB
NPIG
NRL
NT
OI8
OMS
OR
ORNL
ORO
08

PA
PASJ
PACPP

PC
PCA
PCS
PF
PHC
PI

PL
PLA
PMA
PPS
PpPSA
PR
PRA
PRA
PREP
PRL
PRRS
PRSA
PSS
PSP
PS5A
PTP
PTRS
PWIJ

RE
REEP
REL
RPA
RMP
RSI
SAA
SFB
SFT
SFT9

NIFS-DATA

Nucl. Instrum. & Methods

Nucl. Instrum. Methods Phys. Res. Sect. A
Nucl. Instrum. Methods Phys. Res. Sect. B
Nonequilib. Proc. in Part. Ioniz. Gases
NRL Memo. Rept.

Nucl. Technol.

Ope. & Spectrosk.

Org. Mas. Sp.

ORNL/TM

ORNL

Oakridge Operation Office

Opt. Spectry.

Puabl. Astron. Soc. Pac.

Publ. Astron. Soc. Jpn.

Pro. Symposium on Atomic Collision. Processes in Plasma (Culham
Laboratory, Sept. 14-16, 1094)

Private Communication

Physica B&C

Physica Scripta.

Phys. Fhaids

Physica

Proc. Indian Nagl. Sci. Acad. A

Phys. Lett.

Phys. Lett. A

Philos. Mag. A

Proc. Phys. Soc.

Proc. Phys. Soc. A

Phys. Rev.

Phys. Rev. A

Phys. Rev. B

Physics Reports

Phys. Rev. Lett.

Philips Res. Rep. Suppl.

Proc. R. Soc. London A

Planet. & Space Sci.

Proc. Symp. on Sputtering (Inst. fuer Allg. Phy., Techn. Univ. Vienna)
Phys. Status Solidi A

Prog. Theor. Phys.

Philos. Trans. R. Soc. London A

Proc. Int. Symp. Plasma Wall Interaction, Julic {Pergamon, Oxford,
1977)

Rad. Effects

Radio Eng. Electron Physics {USSR)
Radiat. Eff. Lett.

Rev. Phys. Appl

Rev. Mod. Phys.

Rev. Sci. Instrum.

Sov. Astron.-AJ

SFB 82-05-104

Symp. Fusion Tech.

Proc. Sth Symp. Fusion Technology, Pergaman




Table A3: (continued.)

Abbreviated Journal name Journal Name

S1A
SIP
SIP2
SNF
SP
SPD
SPI
SPJL
SPTP
SPS
85

TA
TAA
TANS
THS
TSE
TVST
TVSW
UCRL
UF
VCSS
ZN
Zp
ZPA
ZPB
ZPD

Surface and Interface Analysis

Int. J. Mass Spectrometry and Ion Phys.
Int. J. Mass Spectrom. Ion Processes
Supplement to the journal Nuclear Fusion
Sol. Phys.

Sov. Phys.-Dokl.

Sov. Phys.-JETP

Sov. Phys.-JETP Lett.

Sov. Phys.-Tech. Phys.

Sov. Phys.-Solid State

Surface Sci.

Tr. Inst. Fiz. Akad. Nauk Latv. SSR
The Airglow and the Aurorae, ed. By Armstrong and Dalgarno
Trans. AM. Nucl. Soc.

Thesis

Thin Sol. Fi.

Trans. 7th Natl. Vacuum Symposium, Pergamon
Trans. Vac. Symp., Washington D.C.
UCRI-14214

Ukr. Fiz. Zh. {Russian)

Vacc. Congr. & Solid Surf., Vienna

Z. Naturforsch. a

7. Physik

Z. Phys. A

7. Phys. B

Z. Phys. D

Table A4: Method names and their abbreviations in AMDIS

Abbreviation for the method Name (type) of the theoretical or experimental method

B Born

BC Crossed beam method

BEA Binary encounter approximation
BM Beam method

BO Born Oppenheimer

BOH Born-Ochkur

BT Bethe

BU Born uniform

BX Born with exchange

CB1 Coulomb Born 1

CBIX Coulomb Born I with exchange
CBII Coulomb Born 11

CB X (1 Coulomb Born with exchange, conf. int.
CBB Coulomb Born Bely

CBO 1 Coulomb Born Oppenheimer 1
CBO1I Coulomb Born Oppenheimer 11
CBT 1 Coulomb Bethe 1

CBT I Coulomb Bethe II

CC Close coupling




Table A4: {continued.)

Abbreviation for the method

Name (type) of the theoretical or experimental method

CC NX
CCONX2
CCNX5
CCX
CCX 10
CCX 14
CCX2
CCX3
CCX5
CCXs
CCX9
CCC
cCo
CDw
CDW1I
Chw Il
CG
CGOH
CL

CM
CPCO
DRPD
DWW

DW NX
DW X
DWX O
DW,CC
DWB
DWB X
DWEBO
DWCB
DWPO I
DWPO 11
DWPO 1II
bwu
EBIT
ECIP
EM

ER
ER+DW
ERM
EV

FBA
FOEC
FOMBT
FRM

G

GCPB
GCPBO
GM
GREEN.F
1P

Close coupling without exchange

Close coupling without exchange 2-levels
Close coupling without exchange 5-levels
Close coupling with exchange

Close coupling with exchange 10-levels
Close coupling with exchange 14-levels
Close coupling with exchange 2 levels
Close coupling with exchange 3-levels
Close coupling with exchange b-levels
Close coupling with exchange 6-levels
Close coupling with exchange 9-levels
Convergent close-coupling

Coupled channels with optical potential
Coulomb distorted wave

Coulomb distorted wave 1

Coulomb distorted wave 11

Coulomb Glauber

Coulomb Glauber Ochkur

Classical

Configuration mixing

Coulomb projected Coulomb Oppenheimer
Double Retarding Potential Difference
Distorted wave

Distorted wave without exchange
Distorted wave with exchange
Distorted wave with exchange, conf. int.
Distorted wave or Close coupling
Distorted wave Born

Distorted wave Born with exchange
Distorted wave Born Oppenheimer
Distorted wave Coulomb Born
Distorted wave polarized orbital T
Distorted wave polarized orbital 1T
Distorted wave polarized orbital 111
Distorted wave uniform

Electron bearm ion trap

Exchange classical impact parameter
Empirical

Exact resonance

Exact resonance and distorted wave
Eleven-state R matrix

Evaluation

First Born approximation

First-order exchange Coulomb

First Order Many Body Theory
Five-state R matrix

Glauber

Generalized Coulomb projected Born
Generalized Coulomb projected Born Oppenheimer
Growth method

Green function

Impact parameter




Table A4: {continued.) _

Abbreviation for the method

Name (type) of the theoretical or experimental method

LGT
MB
MBT
MCDF
MCE
MCHF
MCHF DW
MCDF
MCQDT
MG

MO
MOT
MVC

o)

OF

OF X
OH

P

RCB
RCBO
RDW
RER MAT
RM

SC

SCB
SCB 1
SCB II
SCON
SE

SG

SOP

TE

TI

TOF
UDWPO 11
VAR
VPS

Laser-generated target

Merged beam

Many-Body theory
Multiconfiguration Dira Fock
Multichannel Eikonal approximation
Multiconfiguration Hartree Fock
Hartree Fock and Distorted wave
Multiconfiguration Dirac Fock
Multichannel quantum-defect theory
Modified Glauber

Modified Oppenheimer approximation
Magneto-optical trap

Matrix variational calculation

Others

Orthogonalized function
Orthogonalized function with exchange
Ochkur

Plasma

Retativistic Coulomb Born
Relativistic Coulomb Born Oppenheimer
Relativistic distrted-wave

Relativistic R matrix

R matrix

Semi classical

Simplified Coulomb Born

Siroplified Coulomb Born I

Simplified Coulomb Born I1
Smoothly connected method

Semi empirical

Static gas

Second order potential

Trapped electron

Trapped ion

Fime of flight

Unitarized distorted wave polarized orbital II
Variational '

Vainshtein, Presnyakov and Sobelman

(b} Displaying the data

Figure A2 shows an example of the data retrieval result. A list of processes for the retrieved data is shown
first, such as “C + e — C* + 2¢”, from which you can select some processes to see the related numerical data
and bibliographic information. The default is all data records.

The retrieved data on the bibliographic information can be seen when either “Standard” or *Custom”
is selected. The available information includes the theoretical or experimental method and further details, as
well as the journal name, volume and page numbers, paper title, and year of publication. Figure A3 shows an
example of the “Standard” list. Users can select items to be shown in the “Custom” mode.

For the numerical data to be displayed, select the “Numerical Data Tables or Graphs” option. After
selecting one of these three options, click the ”display” button and proceed to the data displaying page.
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Figure A2: Example of data retrieval result in AMDIS-IONIZATION.

When selecting the “Numerical Data Tables and Graphs”, a list of all data (for each publication) is shown
and vou can select some of them to be displayed, as shown in Fig. A4. In the list the first author, journal name,
volume number, year of publication, page number, and incident energy region (eV) are shown in a row. If vou
check the “Line Option” for a record, the data points in the output graph will be connected with a line.

The link at the “Reference” for each data record brings you to search the bibliographic databases. A new
window is popped up after clicking at this link and the record numbers in AM and ORNL databases are shown.
By clicking the particular record number you can view the data from the bibliographic databases.

For displaying the numerical data table, select “Data Display” and click the “display” button. The
numerical data consist of the incident energy X (eV}, cross section Y (cm?), and the cross section errors A Y
(em?) in plus and minus directions. These are shown horizontally or vertically, as selected. When outputting
the data vertically, as seen in Fig. A3, the cross section error AY is shown to be 0, even when no data for cross
section errors are included in the database. When outputting the data horizontally, AY are shown only when
the error data are included in the database. Information on the publication and number of data points (NDP)
are listed as well.

For drawing the graphs, select “Graph Display” and click the “display” button. You may change the
plotting conditions, see Table Ab for details. A graph (gif file) is displayed in your browser, and a4 PDF file and
a Postscript file are also available for download, as shown in Fig. A6.

A.2.2 EXCITATION

(a) Retrieving data

In order to retrieve the data, users need to specity at least one item in input fields, similarly to IONIZATION.
Figure A7 shows the retrieving page. The main input fields as listed in Table A6 are different from IONIZATION.
For specifying the initial and final states, only the LS termn expressions are currently accepted. See section
A 2.1(a} for more details cn the input fields. Also, the additional conditions to be specified for the data
retrieval are almost identical as in IONIZATION (Table A2).



CutPut Data in AMDIS IONIZATION

#1 [0 + e -->C8F + 2¢]

Process = 0N

Theory or Experment =T
Method = Dinsry encounter approximation
Atemic Humber = &
Elemeni =LC

lonic State =5

*0f Electrons = 1

Initial State =C +5

Initial State lon Conf =
Final State =C +6

Final State lom Conf =
Data Producer =

* of Data Points = 1
Author{s} = Selop, A.

Title = Electron impact ionization of multicherged ions.
Jowrnal Hame = Phys. Rev. &
Yolume and 133ue Ho = 14
Page of Publicatioen = 2035
Date of Publication = 1975
Comment =DE : Lotz(1967)
Sub Comment = BEA

|

#2 (0% 4 - 05 + 2¢]

Process = 10N
Theory or Expermeni =T

Method = Distorted wave with exchange

Atomic Humber = &

Element =C

lonic State =5

*0f Electrans = 1

Initial State =C +5

Initial State lon Conf =

Final State =C +5

Final State lon Copf =

Data Producer -

* of Data Points = 4

Auther{s} = Younger, 5M.

Title = Electron-impact wonization cross sections for bighiy jonized hydrogen~ and lithium - Yke atoms
Jouraal Mame = Phys. Rev. &

Yolume and lssue Ho = 22

Page of Publicalion=111

Date of Publication = 1930

Comment =

Figure A3: Example of the data retrieval output in the “Standard” mode in AMDIS-IONIZATION.



List for Numerical Data Tzbles or Graphs
in AMDIS IGNIZATION

54 AN Display

(€5 o - 08 4 2ef

E Plys Rev. A
a
= seom,
T Yomger, 521 ?.m‘:_a
3 Denets, B0 Shgmker, YP, oo p"'ﬂ -EP
Pl Rav.
Kea, HL_ et sl
(3 Kea, HL ete :
S s B
A t ol
[ axcheie, K. ot af
& perta Drply
B urtenortotely G write verticaly
O Gragh Dispiay
ot LG5 ~ESH Max

45,

31

HRN

15976,

1330,

1381,

1982,

1888,

s -axs [ oaurs | 3 1 Howe

) somE 200,

o

w-azs [ oaumn . 2 [ e

S IEZEE

L

1209%)

[SRES)

(e6s)

(2646)

(2365)

235000e+03 e¥
55100e+02 ¥
2.200Ce+ D3 e¥
S.6604e+02eY

4.4216e+02 eV

amer (8ot S dope [ 2 rrrnoniene 313 - prvor it

A erapir cal curve uzing the Lolz fermmle cane rawn
for st faanber 2431 863 oehatoms atate 04 g7

ILire-
dpten]

- 25000e+E3e¥

- 1.1000e+0F e¥

O
a

- 2.2000e+83y
- 2.9002e+C3 ¥ (]
]

- 5.9438e+ 0T ex

Dala Dizplay in AMDIS 10NMIZATION

Gets Nartber ©
[ R
Saup, A.

Phea. Rev, & 14 1157612095
e -

heeoy the origmal data has no error bars for ¥, C is diaplayed for the ¥ srror (+, -] cokmra.

¥ = Eheetron energy (¥
2.500000e+03

+ = Cress sectan (am? }
6.500000e- 20

¥ Errar Pla{em? ¥
0.000800:+ 00

¥ Ervor Mous{om® 3
0.000000e+50

Jvta Narmber 2

CT* remma St 2e
Yowwmr, $ L

Phes Rev. a 22 {15800 111
NP =g

~when the arginal £ata s i srror bars Sor ¥, O disprayed for the ¥ error G, =) columns.

“when the original data s 10 eerr bars for ¥, O i5 dE0led for She ¥ error Cr, =) cokmm,

X =Eiectin gy {ev} ¥ = Cress seerwn (em? 3 ¥ errer Plas(em )

22000020e+03 8.0000008- 20 Q00006000
2 5000Q0e+03 7.800000s-20 8.00000Ca+00
3 A00000s+03 650000020 B.060060e-21
4.800000e+035 4.60C0602-20 0.40000Ca- 00

X = Eheetron srgy {£¥) ¥ = Cross ot {em? ) ¥ 2o Punem? ) + Erver Hraa(en?
55100008+02 1.6500004- 20 40000002 +30 2.000000e+80
& 1 206000+ 02 2.8205GCe-20 0.000050x+ 50 0.200000e+940
7550003802 4.36CT00T-29 0.00T0CCs+T2 0.C00CCOesT0
1102002 ~0F 6.120C0Ce-20 0002000+ 2C 0.000000e+00
Cata Mornber 5
L3 ee--r 06 w22
Doncts, ED. $vayprnikory, V.
Sov_Phys - JETP S3{1981)466
NCP =3

¥ Errar Pt o 3
1.0306G0%+C0
0.0G00G0e+00
B.L0000C-29
0.00B0GCe+GO

Figure A5: Example of a “vertically written” numerical table in AMDIS-IONIZATION.



Table A5: Drawing conditions for graphs

Items Choices Comrment
MODE To get the plotting mode.
AUTO Automatic plot (default).
FIX Specify the plotting scale and the region.
FREE Specify the plotting scale, the region is automatically defined.
FLEX Specify the plotting scale and the region, but the plotting region
might be altered automatically.
LOG To set the plot scale.
LIN For a linear scale plot.
LOG For a logarithmic scale plot.
MESH To set the ticks and their numerical labels.
NONE Only ticks.
SCALE Ticks and numbers (default).
MESH Ticks, numbers, and horizontal or vertical lines to draw the
“mesh” :
MAX Specify the maximum value for the plotting region. Should be a
real number, such as 1e-12, not like -12 even for logarithmic scale.
MIN Specify the minimum value for the plotting region. Same as above.
AUTHOR To select the position where all the symbols and references (author
name and publication year, T (theoretical data) or E(experimental
data)) are shown.
frame-out On the right, outside of the plotting box (default}.
upper-right The upper-right corner in the box.
upper-left The upper-left corner in the box.
lower-left The lower-left corner in the box.
lower-right  The lower-right corner in the box.
CURVE To draw an empirical formula.

FITTING CURVE

Y-ERROR PLOT

0
i

On
Off

No empirical curve {default).

Draw Lotz’s empirical formula for Z < 31 for ionization. No em-
pirical curve is available for excitation, recombination, and dis-
sociation. The charge transfer database (CHART) has empirical
formulas.

To draw the fitting curve.

No fitting curve (default).

Draw a polynomial fitting curve.

To plot the error bars for the cross section.

Draw the error bars (default).

No error bars are displayed.
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Figure A6: Example of the graphic output for the numerical data in AMDIS-IONIZATION.

{b) Displaying data

A list of processes for all data reirieved is shown at first, such as “Li¥{1s2p *P — 1s2p 'P }”, from which
vou can select some in order to check the related numerical data. The default is all data. See section A.2.1(b)
for the details on displaying the data.

In case of EXCITATION, users can select the unit for numerical data. The default is energy (eV) vs. cross
section {cm?). Another selection is E/AE vs. collision strength (which is often symbolized as ).

A.2.3 DISSOCIATION
(a} Retrieving data

Similarly to the previous databases, users need to specify at least one item in the input fields for the data
retrieval. Figure A8 shows the data retrieval page. Main input flelds and examples of inpus values are shown
in Table A7.

Please be careful when inputiing the molecular name in the ‘Element’ field. Without “%”, you do not obtain
any results. We do not have much data in this sub-database. Data on the following molecules are included {as
of July 16, 2602) CD, CDQ,, CD_g CD4, CH, CHQ, CH;;, CH3OH, CH4, CO, COZ, Cg, CzH, CQH2, CQH4, Csz,
CgHg, Hz, H;}O, NO, Ng, Og, SIH4 and SigHﬁ (202 records).

The new databases for molecule collision processes should also include dissociation. Therefore, the data
from the present AMDIS-DISSOCIATION database will be used for the new database “AMOL” in the future.

See section A.2.1{a) for more details on the input fields for data retrieval. The additional conditions to be
specified are almost the same as in IONIZATION {Table A2}.

(b) Displaying data

A fist of all processes for the retrieved data is shown at firss, such as “CsHg + ¢ — CH; 7, from which you
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For tems marked with *, put a word as an input string without using %, which is faster for getting result=. Please do not bracket
ghring with "%~ claratter. For more detadls, see the help page.

Figure AT: Data retrieval in AMDIS-EXCITATION (page snapshot)



Table A6: Main input fields and examples of input values for the data retrieval in AMDIS-EXCITATION

Field name Exarmple of input values Comments
Atomic Number “17 or “27 Number,
Element* “H” or “He” Chemical symbol.
Ionic state “1”" or “10” or *-1” Number.

Number of electrons
Initial state/Final state
Configuration

Multiplicity (25+1)
Orbital Ang. Momentum {L})
Statistical Weight (2J+1)

Author*

Year of publication

“2?7

“1s2”

“1s 287
“282 2p”
“1” or “2”
#QN op WPV
“1% or c=271'

“BO}}I”
" {Finstein, A}

“Bohr & Einstein”
“Bohr | Einstein”
“From 1990 To 20007
“From 1992 To 1992~

For isoelectronic sequences.

= 1s®
1525 {put space between orbitals).
= 2s%2p

Use brackets when including the first
name initial.

For Bohr AND Einstein.

For Bohr OR. Einstein.

For one year only.

i{ AMDIS DISSOCIATION
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Figure A8: Data retrieval in AMDIS-DISSOCIATION (page snapshot)



Table A7: Main input fields and examples of input values for the data retrieval in AMDIS-DISSOCIATION

Field name Example of input values Comments
Initial State/Final State
Element* “H2%” or “C2H6%” Put “%” after the molecular name {or chemical sym-

bol} every time, because this field has values such as
“H2 +1” for Hi' inside the database. You may in-
stead specify a molecule with its ionic state by using
the *ionic’ field.

ionic “1r Number. Note that in case of “0” nothing goes in
this field.
Author* “Bohr”
*{Einstein, A}” Use brackets when including the first name initial.
“Bohr & Einstein” For Bohr AND Einstein.
“Bohr | Einstein” For Bohr OR Einstein.
Year of publication “From 1990 To 2000”
“From 1992 To 19927 For one year only.

can select some in order to check the related numerical data. The default is all data. See section A.2.1(b) for
the details on displaying data.

A.2.4 RECOMBINATION
{a) Retrieving data

In case of RECOMBINATION, this database contains numerical data of recombination cross sections and
rate coefficients, for which the electron distribution is either Maxwellian or non Maxwellian. Users need to choose
the data type from the selection list: ‘Cross section’, ‘Rate coefficients (all)’, ‘Rate coefficients (Maxwellian)’,
or ‘Rate coefficients (Non-Maxwellian)’. Most of the data in the database now are rate coefilcients.

There are three processes for recombination: radiative recombination (RR), dielectronic recombination (DR},
and three body recombination {TBR}. You may select some of them. If there is no selection, all kinds of the
recombination processes are searched for. Some data include a combination of these processes; such data are
stored as “RR+DR”, for example, in the database. These are the main points of difference from other AMDIS
databases. Other issues are similar to IONIZATION. Also, the additional conditions to be specified for the data
retrieval are almost the same as in IONIZATION.

Table A8: Main irput fields and examples of input values for the data retrieval in AMDIS-RECOMBINATION

Field name Example of input values Comments
Element* “H” or “He” Chemical symbol.
Initial ionic state “1” or “10” or “-17 Number.
Number of electron = “2” For isoelectronic sequences. Number.
Final ionic state “0" or “17 Number.
Author* “Bohr”
" {Einstein, A}” Use brackets when including the first name initial.
“Bohr & Einstein” For Bohr AND Einstein.
“Bohr | Einstein” For Bohr OR Einstein.
Year of publication  “From 1990 To 20007
“From 1992 To 19927 For one year only.
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Figure AS: Data retrieval in AMDIS-RECOMBINATION (page snapshot)




{b) Displaying data

A list of processes for the data retrieved is shown at first, such as “C¥(2s2p® *P) — C(25%2p3d *E}(DR:
RC-M)”, or “O%*(1s?2s ?P) — 0% (DR: RC-NM)” or “0O%" — 0% (RR+DR: RC-M)”. DR, RR, TBR or
RRADR. on the right-hand-side indicate the various kinds of recombination processes, RC or RC-M means
the rate coeflicients in Maxwellian electron distribution, while RC-NM means the rate coefficients in a non
Maxwellian electron distribution. CS means the cross section.

Users can select some processes for looking up the bibliographic information and numerical data. The default
is all data. See section A.2.1(b} for details on displaying the data, since almost all items are the same as in
IONIZATION. Some data have fitting formulas and fitting coefficients as bibliographic information.

Found Result in AMDIS RECOMBINATION

Found 10 Title(s}

A1 Data List 10 records found
i [ ¢5* (18225 25) —-» §%* (DR: RC-NIM) 2 records found’
; LA 05+ top 2, ;3 --> 0% (DR:RCY 1 records found
Ed g5+ (2p2pgyn) - > 0% (CR-RCY 1 recorts found

05+ (2025, ;0 - > 0% (DRIRC) 2 recoves found

E o5+ -5 0% (oR: Re-r13 1 records found
205 --» 0%+ (RR+DR:- RC-1) 3 records found
® stangerd
Record Misnber  Process Theory or Experiment Method
Atomic Humber  Element lonic State * of Clectrons
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Figure A10: Data retrieval in AMDIS-RECOMBINATION (page snapshot)



A.3 CHART
{a) Retrieving data

CEART is the database for ion - atom /molecule collision cross sections. Charge transfer (CT) and ionization
(ION) processes are included. Figure A1l shows the page image of data retrieval. In most cases ‘Element A’
is a projectile ion and ‘Element B’ is a target element which also includes some molecules such as Ha, Ds, CO,
COQ, Hgo, CH4, CQH4, 02H4, CgHs, n— C4H10, CgFg, c— C4F, n— C4F10, NO, Nz, NHg, etc.

[ Help 1

1 CHART
ex } APF 4 BI* 5 40 5Y 4 plavsk
; & Element (A)¥ e el
; Atornic Number B or i. e

Atopic mass { . _,_,;Dl’i . W] .

initial Charge Mumber(+p} [+6 o : orl o der i B

Fins Charge Mumber(+(p-s0) | er)]  ferj

mnitial Excited State | o or] ori

Final Excited State e el e

B Elernent (B)# Lo e { el

Atornia Number Y NE 2 I
Atomnia mass !— e [ R o l R
b inftial Charge Mumber(+q)  § Cer | cer) .

Final Charge Number(+{q=sr ] erl _ cerf

E DTheqrg D Experanent
} Auﬂmr*:[ e e e o e man e e e
: Year of Publication :From <. . _iTo:b..__. .. trevy)d

Additional conditions for search:

{ o
t - I

t string without using 55, which is faster for getiing
character. For more details, see the halp page.

For items marked with |
results. Please da not by

Figure A1l: Dafa retrieval in CHART (page snapshot)

Sign should be attached for the charge state such as “+17 and the rule for writing the excited states is
different from AMDIS. Subscripts and superscripts are shown with { ). As for the molecular chemical symbols,
write “H20" for Hy0, similarly to the DISSOCIATION.

For additional conditions, some items are similar to AMDIS (cf. Table A2). The different items are listed
in Table A10. These items can be combined with the logical “AND” or “OR”, as you set.

{b) Displaying data



Table A9: Main input fields and examples of input values for the data retrieval in CHART

Field name Example of input values Comments
A/B
Element (A / B)* “H” or “He” Chermnical symbol.
Atomic number “1? or %27 Number.
Atomic mass “1” or “4” Number (integer).
Initial charge number “4+17 or %+10” or “-1” Sign and number.
Final charge number “+0” or “+97 Sign and number.
Initial/Final excited state “1s{2)” =1s2
“(Q)P” — 2P
“15(2)2s2p” = 15%2s2p
Author* “Bohr”
?{Einstein, A}” Use brackets when including the first name initial.
“Bohr & Einstein” For Bohr AND Einstein.
“Bohr | Einstein” For Bohr OR Einstein.
Year of publication “From 1990 To 20007

“From 1992 To 19927 For one year only.

Table A10: Additional input items and examples for the data retrieval in CHART (items common with AMDIS
are excluded)

Field name Example of input val- Comments
ues

Element “Ar / CH4” Both A and B elements must be input.

A Element “Ar” or “H” Same as that one in the main field.

B Element “CH4” or “Ne” Same as that one in the main field.

Method “BA” = “Beam attenuation”.
Abbreviated name of methods Hsted in
Table All

Reference ID “1972C010” Reference record number in the
database.

Reference ID{H)  “20° Reference record number for the hydro-
gen target case in the database.

Reference ID(H2) “20”7 Reference record number for the hy-
drogen molecule target case in the
database.

Process “CT” or “ION” Select charge transfer or ionization pro-
cesges.
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Table A11l: Theoretical and experimental methods listed in CHART

Abbreviation The method (theoretical or experimental)
CE Charge equilibrium

BA Beam attenuation

CD Condensor

BC Crossed beam

DT Drift tube

GR Group rate of fast beam

MO Molecular orbital method

PS Perturbed stationary state method

MOE Molecular orbital expansion method
UDW Unitarized distorted-wave method
CTMC Classical trajectory Monte Carlo method
ODM One-electron diatomic molecular method
AQ Atomic orbital method

SP Super promotion model

PS5 Photon spectroscopy method

GM Growth method

PIS Photoionization ion source

COIN Coincidence

0 Others

Figure A12 shows an example of the data retrieval result. A list of processes for the retrieved data is shown
first, such as “C% + H — C3(2p)+ H™”, from which you can select some processes to see the related numerical
data and bibliographic information. The default is all data records.

The retrieved data on the bibliographic information can be seen when either “Standard” or *Custom”
is selected. The available information includes the theoretical or experimental method and further details, as
well as the journal name, volume and page numbers, paper title, and year of publication. Figure A13 shows an
example of the “Standard” list. Users can select items to be shown in the “Custorn” mode.

For the numerical data to be displayed, select the “Numerical Tables or Graphs” option, and “Data
Display” for data tables or “Graph Display” for drawing the graphs, and then click the “display” button.
Figure Al4 shows and example of “vertically written” numercal data. The incident energy X (eV) and cross
section Y (cm?) are shown. Numerical data for the cross section errors can be seen only when selecting
“Y _Exror_Data” in “Custom” mode. For drawing the grpahs, you may change the plotting conditions, see Table
A5 for details. A graph (gif file} is displayed in your browser, and a PDF file and a PoestScript file are also
available for download, as shown in Fig.A15.



Found Result in CHART

Found 5 Title(s)

3 Al pata List S recards foumd
D5 v 1 —> % 2p v H* 3 records Tound
LIS 4 Hg1s) --> £5* (2p) + H* 2 recoros fourd

@ standard
Id_Numbar Record Number Process Elements_A
Atomic_No_A Alomic_ass A Initisl_Chargae Na A infifal_Excited A
Final_Cherge_No_A Final_Excited_aA Elements_B Atomic_No_B
Atomic_Mass_B Imtisl_Charge No B initisiExcited B Final_Charga_No.@
Final_Exzited 8 Thasory or_Experimant Mathad Titla
Fig_no Comment Pritlf Pritir

0 select Dutput Data

O 1chumper 3 Record Mumber 3 process O Elements
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o mite B Jsournal Name EX valume o Page

3 vear (3 Fignc Ed Figure_Titla H comment
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AUTHOR : curvs :[012]
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Figure A12: Example of data retrieval result in CHART.



OutPub Data in CHART

#1IC8 - Hoo 5 (20 + )

ld_Number = 033502
Record Numper = 3502
Process = CT
Elements_A =C
AlemicNoe_A =56
Alomic Tass_4 = 12
Initial_Charga_No_a = +&
InfuialExciled A =
Firel_Charge No A= +5
Finol_Excited A = 2p
Elements B =H
Atomie_Ma 3 =1
Alcmic_iess B = |
“nitigl_Crarge Mo B = 0
initial _Eacitec B =
Final_Charge_No 5 = +1
Final_Excited B =
Theery_or_Experiment = T
Method = UDWA
£uthoris] = Ryutuku H
Titla = Fartial Cross Sectlons for Chergs Trensfer fn Colllsions of Multickergsd 1ons with Atemis
Hydrogen
Jcurnnl Narma = JAERI-M
Vaoluma = §2-031

74

Fig.rio =

Camment =

PrLLll = C'E+ + H

Pritir = C'S+'(2p) + B

Prtl = 05 « H - £ (25] + H*

#2841 - 05 2p 4 ]

in MNumber = 0235613
Racore Number = 3613
Process =
Elaments A= 2
Atgmico bl s =6

Abrrais ags b om 172

Datg Display in CHART

Date Nuember |
CO* wH > 25 (2p) + 1T

Ryufuku H.
JAERI-H E2-031 (138212
NDF = 7

% = Enary (eV) ¥ = Cruss section (cm?)

1.2C0000e+05 1.4000CCe-17
3.0CC000e+05 1.540000e-17
6.000000e+05 SI10100e-18
1.2060000e+06 S5.200150e-18
2.4G00002+00 27220000e-18
45000002+06 603G100e-15
3.400000=+06 1.490000e- 15

Data Kumber 2

C8* ey o OO (2 o BT

O1scn.R et el

Phys. Scripte 725 {19397

HOP =&
= Energy (eV) ¢ = Cross sactton {cm?)
4.8CA000e+05 &.300000e-18
6.0G0C002+05 B.E0010%e-10
7.2000002+05 B.4000008~18
3.6000002+05 8.300100e-18
1 2G0G00a+06 7.3000038-18
1 449000A+06 T 400000s8-18

Date Number 3

TE* + 1 —> [5* (30) + H*
Beikic.D.
Phys. Scripta 43 (15911951

Figure Al4: Example of a “vertically written” numerical table in CHART.
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Figure A13: Example of the graphic output for the numerical data in CHART.



B. Bibliography on electron-impact excitation and ionization of atomic ions
published in 2000

B.1 Experimental papers on electron-impact excitation and ionization of atomic ions
published in 2000

COELl. A. Muller, H. Teng, G.Hofmann, R.A. Phaneufand E. Salzborn
Phys. Rev. A 62,062720 (2000)

Autoionizing resonances in electron-impact ionization of 0+ ions
fbeam, Th-1000 eV, particularly near the threshold of K-shell ionization]
Ion OVI

COEZ. 8.J. Smith, I.B.Greenwood, A.Chutjian and S.S. Tayal
Astrophys. 1. 541,501 (2000}

Electron excitation cross sections for the 3323192 3p- 3s3p3 589 rransition in $2+

[merged beam, 3s23p2 3P - 3s3p3 389 7-12 eV]
Ex¢c SII



B.2 Theoretical papers on electron-impact excitation and ionization of atomic ions
published in 2000

00T!. KM. Agparwal, N.C.Deb, FP Keenan and A.Z. Msezane
J. Phys. B: At. Mol. Opt. Phys. 33,L391 {2000)

Collision strengths for transitions among the 382, 3s3p and 3p2 configurations of Fe XV

[RM, tramsitions among 352, 3s3p, 3p2, Th-160 Ryd]
Exe Fe XV

00T2. N.R. Badnell and D.C. Griffin
J. Phys. B: At. Mol. Opt. Phys. 33,2955 (2000)
Direct tonization of low-charge Li-like ions using a small psendo-state basis
[RM with psendo-basis, Th-150 eV for Be, Th-300 eV for B, Th-450 eV for C]
TIon Belll BIILCIV

0CT3. M.A. Bautista
I. Phys. B: At. Mol. Opt. Phys. 33,71 (2000)
Electron-impact inner-shell excitation of Fe XVI
IRM, 2p03s - 2p33 83 0" rate: 5x10%, 105, 106 K]
Exc FeXVI

00T4. K.L. Bell and C.A, Ramsbottom
Atomic Data Nucl. Data Tables 76,176 (2000)
Eifective collision strengths for electron-impact excitation of § X
[RM, FS transitions among 25221)3, 252p4, 2p5, 2s22923s, rate: 1040 - 1067 K}
Exc §X

00T5. V.A. Bernshtara,  Y.V. Ralchenko and Y. Maron
I. Phys. B: At. Mol. Opt. Phys. 32,5025 (2000)
Empirical formula for cross section of direct electron-impact ionization of ions
[empirical formula proposed and tested]
fon ArII-VII, Fe I, VI, VII, X, X, XIV

00T6. K.A. Berrington, S. Nakazaki and PH. Norrington
Astron. Astrophys. Supp. 142,313 (2000)
Atomic data from the IRON Project XTI Electron excitation rates among the 3d? fine-structure levels of
Ca-like Fe VII
[RM, transitions among FS levels of 3d2, rate; 104-3-6.0 K]
Exc FeVI

00T7. AK. Bhatia and W. Eissner
Atomic Data Nucl. Data Tables 76,270 (2000)
Atomic data and spectral line intensities for Fe VI
[DW, transitions among 3p©3d, 3p73d?, 3p%4s, 3pS4p, 3p33d4s  10-70 Ryd]
Exc FeVIl

00T8. K. Butler and C.J. Zeippen
Astron. Astrophys. Supp. 143,483 (2000)
Atomic data from the JRON Project XLII. Electron impact excitation of Fe XXI
[RM, transitions among ZSQQpZ, 252p3, 2p4, 2p3 @, rate]
Exc FeXXI

00T9. Z. Felfli, K.A. Berrington and A.Z. Msezane
J. Phys. B: At. Mol. Opt. Phys. 33,1263 (2000}

Eleciron-impact ionization of Mg™ near the 2p inner-shell edge
[RM, 45-65 eV]



Ion Mgl

00T10. MLE. Gadi, A.Makhoute and M.H. Cherkant
Phys. Scr. 61,437 (2000}
Electron-impact ionisation of Ne

[1200-7100 eV}
Ion NelIX

&+

00T11. D.C. Griffin and N.R. Badnell
I. Phys. B: At. Mol. Opt. Phys. 33,4389 (2000)

Electron-impact excitation of Ned+

[RM. transitions among 2s22p2, 2s2p3, 2p%, and 2s22p2 - 2522p3 ¢ , rate: 1x 10% - 1x 106 K]
Exc NeV

00T12. D.C. Griffin, N.R.Badnell and M.S. Pindzola

1. Phys. B: Ar. Mol. Opt. Phys. 33,1013 (2000)
Electron-impact excitation of C3* and 05 the effects of coupling to the target continuum states

[RM, transitions among 1s220,30, 40" rate: 2.25x10% - 3.6x10° K for C, 5x10% - 8x107 K for O}
Exc CIV,0OVI

00T13. D.C. Griffin, M.S. Pindzola and N.R. Badzell
Astron. Astrophys. Supp. 142,317 (2000)
Electron-impact excitation of Felt+
[RM, 3p63d - 3p73d2, 3p04r  rate: 6.4x10% - 3.2x106 K]
Exc FeVIHI

00T14. G.P. Gupta, N.C.Deb and A.Z. Msezane

Atomic Data Nucl. Data Tables 74,257 (2000}
R-matrix calculation of electron impact excitation of fine-structure levels of Ne-like iron

[RM, 2p8-2p73 8, 70-200 Ryd, rate: 250, 600, 1000 eV]
Exc Fe XVII

00T15. G.P. Gupta, N.C.Deb and A Z. Msezane

Phys. Scr. 61,173 (2000)
Electron impact excitation of fine-structure levels in neon-like Krypton (Kr XXVII) using R-matrix

method
RM, 2p0 1S -2p33 0
Exc KrXXVI

00T16.E. Kimura, S.Nakazaki, K.A. Berrington and PH. Norrington

1. Phys. B: At. Mol. Opt. Phys. 33,3449 (2000)
Rate coefficients for electron impact excitation of helium-like ions within the Dirac R-matrix approach

[RM, 152- 1520, 1530 rate: 1060 - 1084 K]
Exc S XV, Ca XIX,Fe XXV

150, 300, 500 Ryd. rate: 600, 1100, 2200 eV]

00T17. BM. McLaughlin and K.I.. Bell
I. Phys. B: At. Mol. Opt. Phys. 33,597 (2000}
Electron collisional excitation of Ne ITE: (1522522p4 3D2’1,0, 1D2, 180) fine-structure transitions
[RM, FS wansitions among 2522p4 < 30 Ryd, rate: 193 - 100 K]
Exc Nelll

00T18. D M. Mitnik, M.S. Pindzola and D.C. Griifin

Phys. Rev. A 62,062711 (2000)
Inflizence of atornic radiative and collistonal processes on the plasma modeling of Mgm“‘ at low



electron densitics

[RM, ES transitions among Isn £ n=1-4]
Exc MgXli

00T19. M. Mohan, A.Hibbert, F. Keenan and PG. Burke
Phys. Scr. 61,71 (2000)
Coellision strengths from ground levels of Ti XIIT usirg relativistic-Breit-Pauli approximation
IRM, 2p0 18¢-2p33 0 40-120 Ryd]
Exc Ti X

00T20. B. Nath and C. Sinha
Phys. Rev. A 62,052713 (2000}
Triple differential cross sections for ionization of some heliumlike ions by electron impact
[TDCS, scaled]
Ion He-like

J0T21. M.S, Pindzola, DM. Mitnik, J. Colgan and D.C. Griffin
Phys. Rev. A 61,052712 (2000)

Electron-impact ionization of Lit
[RM, Th-500 eV}
Ton Lill

00T22. D. Porquet and J. Dubau
Astron. Astrophys. Supp. 143,495 (2000}
X.ray photoionized plasma diagnostics with heliumn-like ions. Application to warm absorber-emitter
in active galactic nuclet

[based on the calculation of Sampson et al., rate for 1s2-1s2 0 for 7=6,8,10,12,14,
1s2 0-1s2 @' for 7=8.,10,12,14}
Exc He-like

00T23. R. Rejoub and R.A. Phanenf
Phys. Rev. A 61,032706 (2000)
Electron-impact single ionization of multiply charged manganese ions
fbeam, Th-4 keV]
Ion MnVI-IX

(00T24. M.P. Scott, H. Teng and P.G. Burke
1. Phys. B: At. Mol. Opt. Phys. 33,1.63 (2000)
Auntoionizing siates in electron-impact ionization of 3+

[RM, Al 230-350eV]
Ion CIV

00F25.8.J. Smith, I.B. Greenwood, A. Chutjian and S.S. Tayal
Astrophys. J. 541,501 (2000)

Electron excitation cross sections for the 3s23p2 3p.- 3531)3 589 transition in $2+

[RM, 3s23p2 3P - 353p3 380 7-12eV]
Exc SHI

00T26. C.R. Stia, 0O.A. Fojon and R.D>. Rivarola
J. Phys. B: At. Mol. Opt. Phys. 33,1211 (2000)
Ionization of hydrogenic targets by electron impact
[TDCS, scaling law derived]
Ton H-like

00T27.P.J. Storey, H.E. Mason and PR. Young
Astron. Astrophys. Supp. 141.285 (2000}



Aromic data from the IRON Project XI.. Electron impact excitation of the Fe XIV EUV transitions

[RM, 3823p - 333p2, 35234 10, 30 Ryd, rate: 103-3-7.2 K}
Exc FeXIV

00T28. S.8. Tayal
Astrophys. J. 530,1091 (2000)
Electron collision excitation of fine-structure levels in S IV
[RM, transitions among 3p, 3s3p2, 3d, 4s, 4p, 3p4 2, 4, 6 Ryd, rate: (1-40)x10% K]
Exc SIV

00T29.8.5. Tayal
Astrophys. J. 544,575 (2000)
Effective collision strengths of fine-structure transitions in Fe X, Fe XI, and Fe XIII

IRM, transitions among 3p5 2P3/2, QPI /o 3s3p6 251  forFeX; 3p4 3P2,1’0, 1D2, 1S0 for Fe XI;

3p2 3Py 1 o 1Dy, 18 for Fe XU rate: (1-600)x10* K]
Exc FeX,XLXII

00T30. §.5. Tayal and L.M. Richardson
1. Phys. B: At. Mol. Opt. Phys, 33,443 (2000)
Oscillator strengths and inelastic scattering of electrons from O I
[RM, 2522p3 480 - 2p0 4p  Th-40 eV, rate: 1030 - 1078 K]
Exc OI

00T31. H. Teng
1. Phys. B: At. Mol. Opt. Phys. 33,1.227 (2000)

Indirect processes in electron-impact ionization of LiT
[RM for AT, 132-168 eV]
fon Lill

00T32. H. Teng
1. Phys. B: At. Mol. Opt. Phys. 33,1.553 (2000)

Electron-impact lonization of AlZ+ ions: a unified R-matrix calculation

[RM, 60-100 eV]
Ion AIID

00T33.H. Teng, P Defrance, C.Chenand¥. Wang
J. Phys. B: At. Mol. Opt. Phys. 33,463 (2000}
Electron-impact single ionization of Kr10+ and Kel1% jons
[DW, < 3000 eV]
Ten KrXIXI

0CT34. H.1.. Zhang and D H. Sampson
Phys. Rev. A 61,022708 (2000)
Effective collision sirengths for hyperfine-structure transitions with inclusion of resonance effects

[hyperfine transitions, rate: (1-100)x1()6 Kj
Exc NVII, Fe XXIV
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B.3 Index by ion species

H-like (N=1)
Exc
NVI
Ton T26
He-like (N=2)
Exc T22
Mg XTI
SXV
Ca XIX
Fe XXV
Ion T20
Till
NeIX
Li-like (N=3)
Exc
CI1vV
0OVl
Fe XXIV
Ton
Be 1
B III
CIV
OVl
C-like (N=6)
Exc
NeV
Fe XXI
N-like (N=T)
Exc
on
§$X
O-like (N=8)
Exc
Nell}
Ne-like (N=10)
Exc
Ti XTI
Fe XVII
Kr XXvi
Na-like (N=11)
Exc
Fe XVI
Ton
Mg 11

T34

Ti§
Ti6
T16
T16

121,131
T10

T12
T12
T34

Shciciv

T11
T8

T30
T4

T17

T19
T14
T15

T3

™

Al
ArVIIX

Mg-like (N=12)
Exc

Fe XV
Ion

Arval
Al-tike {N=13)
Exc

SIV

Fe XIV
Ion

ArVl

Fe X1V
Si-like (N=14)
Exc

ST

Fe XII
Ion

ArV
P-like (N=15)
Ton

Arlv

Fe X1I
S-like (N=16)
Exc

Fe XI
Ion

Ar g
Cl-like (IN=17)
Exc

Fe X
Ion

Mn X

Fe X

Ar-like (N=18)
Ton
Mn VI

K-like (N=19)
Exc
Fe VIl
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T32
T5

T1

Ts

T28
T27

T5
5

E2,T25
T29

T5

TS
T5

T29
T5
T29
T23
T5

123

T7,T13



Ton
Mn VI

Ca-like (N=20}
Exc
Fe VIl

Ion
Mn VI
FeVI

Sc-like (N=21)
Ion
Fe Vvl

Cr-like (N=24)
Ton
Fe 11

Mn-like (N=23)
{on
Kr XII

Fe-like (N=26)
Ton
Kr XI

T23

T6

T23
T3

T5

T33

133
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NIFS-DATA-44

NIFS-DATA-45

NIFS-DATA-46

NIFS-DATA-47

NIFS-DATA-48

NIFS-DATA-4%

NIFS-DATA-50

NIFS-DATA-51

NIFS-DATA-52

NIFS-DATA-53

NIFS-DATA-54

NIFS-DATA-55

NIFS-DATA-56

NIFS-DDATA-57

NIFS-DATA-58

NIFS-DATA-5%

NIFS-DATA-60

NIFS-DATA-61

NIFS-DATA-62

NIFS-DATA-63

NIFS-DATA-64

NIFS-DATA-65

NIFS-DATA-66

NIFS-DATA-67

NIFS-DATA-68

NIFS-DATA-69

NIFS-DATA-70

Recent Issues of NIFS-DATA Sertes

J. Dubau, T Kato and U.L Safronova,
Dielectronic Recombination Rate Coefficients to the Excited States of CI From CIH; Jan.

Y. Yamamura, W. Takeuchi and T Kawamura,
‘The Screening Length of Interatomic Potential in Atomic Collisions; Mar. 1998

T Kenmotsu, T Kawamura, T Ono and Y. Yamamura,
Dynamical Simulation for Sputtering of B4C; Mar. 1998

1. Murakami, K. Moribayashi and T, Kato,
Effect of Recombination Processes on FeXXIII Line Intensities: May 1998

Zhijie Li, T Kenmotsu. T Kawamura, T Ono and ¥, Yamamura,

1998

Sputtering Yield Calculations Using an Interatomic Potential with the Shell Effect and a New Local Model: Oct. 1998

S. Saseki, M. Goto, T Kato and S. Takamura,
Line Intensity Ratios of Helium Atom in an Ionizing Plasma: Oct. 1998

1. Murakami, T Kato and U. Safronova,

Spectral Line Intensities of NeVII for Non-equilibrium Ionization Plasma Including Dielectrenic Recombination Processses: Jan. 1999

Hiro Tawara and Masa Kato,
Electron Impact Ionization Data for Atoms and lons -up-dated in 1998-: Feb. 1999

1.G. Wang, T Kato and 1. Murakami,
Validity of a3 Scaling Law in Dielectronic Recombination Processes: Apr. 199%

J.G. Wang, T. Kato and 1. Murakami.

Dielectronic Recombination Rate Coefficients 10 Excited States of He from He™: Apr. 1999

T Kato and E. Asano,

Comparison of Recombination Rate Ceefficients Given by Empirical Formulas for Jons from Hydrogen through Nickel: June 1999

H.P. Summers. H. Anderson, T Kato and S. Murakami,
Hydrogen Beam Stopping and Beam Emission Data for LHD: Nov, 1999

S. Bern, N. Matsunami and H. Tawara,

A Simple Theoretical Approach to Determine Relative Ion Yield (RIY) in Glow Discharge Mass Spectrometry (GDMS): Jan. 2000

T Ono, T Kawamura, T Kenmotsu, Y. Yamarmura,

Simulation Study on Retention and Reflection from Tungsten Carbide under High Fluence of Helium Jons: Aug. 2000

I.G. Wang, M. Kato and T Kato,
Spectra of Neutral Carbon for Plasma Diagnostics: Oct. 2000

Yu. V. Ralchenko, R. K. Janev. T. Kato, D.V. Fursa, 1. Bray and Fi. de Heer
Cross Section Database for Collision Processes of Helium Atom with Charged Particles.
I. Electron impact Processes: Oct. 2000

UL Safronova, €. Namba, W.R. Johnson, M.S. Safroncva,

Relativistic Many-Body Calculations of Energies for n = 3 States in Aluminiumlike lons: Jan. 2001

UL Safronova, C. Namba, [. Murakami, W.R. Johnson and M.S. Safronova.
E1,E2. M1, and M2 Transitions in the Neon Isoelectronic Sequence: Jan. 2001

R. K. Jznev, Yu.V. Ralchenko, T Kenmotsu,

Unified Analytic Formula for Physical Sputtering Yield at Normal lon Incidence: Apr. 2001

Y. Itikawa,

Bibliography on Electren Collisions with Molecules: Rotational and Vibrational Excitations, 1980-2000 Apr. 2001

R.K. Janev, J.G. Wang and TKato,

Cross Sections and Rate Coefficients for Charge Exchange Reactions of Protons with Hydrocarbon Molecules: May 2001

T Kenmotsy, Y. Yamamura, T One and T Kawamura,

A New Formula of the Energy Spectrum of Sputtered Atoms from a Target Material Bombarded with Light Tons at Normal Incidence: May

2001

1. Murakamj, U. I. Safrenova and T Kato,

Dielectronic Recombination Rate Coefficients 10 Excited States of Be-like Oxygen: May 2001

N. Martsunami, E. Hatanaka, 3. Kondoh, H. Hosaka, K. Tsumor, H. Szkaue and H. Tawara,
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