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Introduce io'n

It has been recogTlized that the charge transfer processes of hydrogen

beams play an important role in plasma physICS7 radiation physics and

astrophysics･
In plasma physics> especially in fusion reactor experiment,

the injection of neutral hydrogen beanis one of the most promis･ing methods

for effective trarJ上｣.1g Of the beam into toroidal plasma which is shaped

with strong magn･'tic fields. These neutral beams are generally produced

throughthe electron capture to proton beams. Similarily, the production

of intense negative hydrogen ion beam is importa.nt because the injection

of the negative ion bea氾is◆thought to be an alternative and effective

7P.ethod.
Also che neutTTal particles escaping

from the plasma contain some

useful informations on the plasma and can be
used for diagnosing

characteristics of the plasma. For these purposes, dataare prerequisite

on the charge transfer of hydrogen beams especia･11y at energies lower than

a few keV. There are some reviewsl-6 on these charge transfer processes

but their energy is generally limited down to払few keV from some tens

+

MeV. Meanwhile, there are a number of measurements of the cross sections

for the charge transfer at lower energies but there are no systema･tic

compilation of data at lower energleS･

In this paper> we.compile in graphical forms experimental data on the
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(up to June, 1976) charge transfer Of hydrogen ion (protムn,H'), hydrogen

atom (Ho)and negative hydrogen ions (H-) in various gases and vapors in

the incident energy between 10 and 10,000 eV.

r

Some detail on the charge t･ransfer processes has already been given

in some ･references･1,6 Here only a
short description is given. In

hydrogen beams, the following charge transfer processes take place (B is

target atom, B+ and B2+ are slow target ions and e is slow electron):

1･ H+ impact

H'･B･H+･B'･e

(Jll≡0;)
○

+班 +a+ (ぴ10)

ヰ= +B2+ (cl_1)
0

2. H impact

Ho･B･Ho･B'･e

(o..≡o岩)
+H++B+e (oo1)

ヰ= +B+ (oo_1)

3. H i7nPaCt

= ･B+rI ･B'･e (o_1_1≡0三1)
○

+H +B+e (G_10)

+=++B+2e (o_ll)

: pure ionization

: one-electron capture

: two-electron capture

pure ionization

one-electron stエーipplng

one-electron capture

pure ionization

one-electron stripping

two-electron stripping.

Here
oij

denotes the cross section for the charge transfer process from

l

the initial charge state i to the final charge stateコ･ Ok means

the ionization cross section for the incident ions with the charge state

k. To determine the cross section for the charge transfer process, the

following three methods are TT.,egerally used.. tlne attenua七ion, the

growth and the condenser methods･ In the first two methodsl Only

the fast beams are observed, neglecting the charge state of secondary
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slow ions and elect∫ons, meanwhile in-the third method, the secondary

slow ions and electrons are measured, neglecting the charge state of the

incident pro3eCti,1es after collision. Some times the equilibrium and

retardati.n methods are, als. usedラ

In Table 1 are summarized the cross sections which can be determined

from various experimental methods for various incident ion beams. In

some
methods, for example in the attenuation and the condenser methods,

the measured cross sections are not always those for a single･process

hut those for the sum of two or more processes･ Howeverl in many colli-

sion processes, the cross sections for two electron transfer processes

are small, compared with those for single eleL=trOn transfer processes.

In Fig.1 are shown the cross sections for charge transfer of hydrogen

beams in H2 gas over a Wide range of the energy to give an idea of the

sizes of the cross sections for various processes. In Tables 2-7 are

glVen lists of experiments for various charge transfer processes which

include the names of authors, energy range, target and measuring method.

In a series of the figuエーeS are Shown the cross
Sections foェ･ various

charge transfer processe!-'. 'Th.e cross section is given in the unit of

2
cm per collision･ The following are important when these data are used:

1･ In some measurements using the condenser method, only slow elec-

tron or ion production cross secl･･ions ( uノ0.) are determined･ However,

these cross sections are, in many cases, the sum of the ionization cross

sections･( o1) and the chaLrge tranSLfer cross sections. It is possible

to
esti皿ate the cross section for the charge transfer processes from

this measurement only in such processes that the ionization cross section

is sma･11, like in He target･ 1n some collisions such as do + Xe, the

slow electron and ion production cross sections are nearly equal (1-25

keV)･ Therefore, it is not possible to determine the charge transfer
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cross section without measuring both slow electrons and ions. For such

data, 0 or 0 is shown to distinguish that from the pure charge
十

transfer cross section･ In such cases, o or
+

should be taken as

a凸upper limit of the charge transfer cross section oolOr OIO･

2. In most measurements, no detailed descriptions are given Of the

effect of scattering processes which becomes significantly important at

energleS lower than a few hundred eV. Due to the scattering loss of the

incident beams or of beam charge-transferred in the collision the observed

cross sections might be too high or too low, depending on the measuring

geometry, as seen in the scattering of data at lower energies. In

appendix, some descriptions on the scattel.ing
are glVen･

3. Some mea.urements have shown that there is some finite difference

(5 oi) in the charge transfer cross sections between Hand D beams at

energleS less than 200 eV. This is thought to be due to the difference

in
scattering cross sections. However, more systematic measurements

should be done before finite conclusions on the diffe王･enCe are drawn

from the observations.

4. To avoid complication, no error bars are shown in the figures.

Usually most experimental data have uncertainty of 10 - 30 %, depending

on experimental situations, though some have much larger errors.

Appendix - Scattering in Charge Transfer

Generally the most cha･rge transfer processes take place in colli-

sions with large impact parameters. Therefore, the scattering of the

incident ions and of the charge-transferred ions is rather small. ExI

periments on such scatterings in the charge transfer processes are very

limited!-7 From these limited experimental.bservati.ns, s.me general

trends on the scattering processes are deduced:
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1. The scattering of ions in electron loss processes is comparatively

large, meanwhile that in electron capture processes is relatively small.

2. The differential scattering cross sections for charge transfer

processes decrease monotonically and rapidly with increasing the

scattering angle. Therefore no structures in the angular distributions

are usually observed, thoughthere are some oscillations due to molecular

curve crossings in some collisions like H+ + Kr･

3. At a fixed energy, the width of the angular distribution does not

vary significantly with target gases. Only the slight increase of the

width is observed for heavy target atoms.

4. The widtl1 0f the angular distribution decreases with increasing

the incident energy, namely proportional to 1/E.

FoT Ho impact> the product of the scattering angle 0 and the

incident beam energy E is nearly independent of the beam energy. For

the half-cone-angle Oso and e75, into which 5O % and 75 %, respectively,

of the total stripped protons are scattered, for example, the following

relations are observed:

E･e50巴1 keV･ deg･

E･075 = 4 keV･ deg･

Roughly speaking} these relations hold down to loo eV･ These are only

approximate to give an impression to the scattering. Actually, the width

of the scattering angles increases slightly at lower energleS.
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Table 1

llle Cross Sections obtainable from

various experimental Tr.ett･Ods

experimental

method

incident particle

H+ HO

Growth olO , 01-1 Ooユ , Oo-1 ローiO , 0-ll

Attenuation olO + ol-1 Ooユ + oo-1 0-10 + 0_ll

Condenser

slowion oll･ o10･2･o1_1
G昌+

oo_1

slowelectron ull
u昌･

Col

1

cf_1

o-ll+ 0-10+2･o-･11

total charge olO + 2･01-1 Ooユ
-

0
o-1 0-10

+ 2o-ll

ヽ■



Table 2

A list of meastlreme-ntS Of uユo

P

authors

Hasted

‖asted

Whittler

Stedefoでd, 和asted

Stier, Bamett

Gi lbody, Haste且

Curran et al.

Gus taffson

Lindbo lm

Cramer
,
Marcus

Cramer

Stebbings e}生･

Gordeev ,
Panov

Hollricher

McClure

Williams

Ko opman

Cable

Futch, Moses

Ko opman

Ko op man

McNeal, Clark

Becker, Schaman

Schlachter et al.

year energy range

1951 10-800

1952 100-1.000

1954 4.000-70.000

195S 100-40.000

1956 3.000-200.000

1957 10-40.000

1959 2.400-60.000

1960 25-900

1960 4-400

1961 50-400

1964 40-10.000

1964 1.000-40.000

1965 1.500-30.000

1966 2.000-117.000

1966 2.000-50.000

1967 70-1050

1967 180-460

1967 4.000-50.000

1968 40-1.500

1968 100-1.500

1969 1.000-25.000

1969 1.500-30.000

1969 500-20.000

target

Ar,Kr,Xe
ノ

AT

Hd2
,He ･Ne･Ar･

Kr,Xe

H2,He,N2,U2,

Ne.Ar

N2
,CO,NHS

H2

H2,N2,CO

D皇(D+)

H2

02,0

Hま,N2,Ar

H2･D主

H'2,H

Hi,He ,Ne･Ar,

Kr, Xe

H2,Ar,Kr,Xe

H20

Mg

N2,02,CO2,H20

CH4
,NHS

N2

He,3,He-4

Cs

metho d refere'nce

c 皇4

C 35

A 79

C 73

G+E 74

C

C

MS

C

C

C

C

C

G

G

C

C

G

C

C

33

15

16

72

31

37

47

80

39

ll

29

40

41

C(o_1,0.) 49

C 7

67



Berkner et al･ 1969 5･000-70･●000 =g

Dagnac et al･ 1970 2･000-60･OOb
{

=2i6''-千hL"''"t~

te一時邸瀧ilvi占:､･:汁.事i1970 3xdLTjS^11'db'･桝H占OTCOt･NW-iJ-

Berk払et al･ Ir'

197･OL3{litbo'j1>･oJもoo州･feb･:e乾,{･白2畔･rJ

~て,･'...I_i/1
r-

?}L

Grueble工･ et al.

Spiess et al.
ぐ - ････-･-

▼■二

McNeal
LI

-i::.

Spiess et al.1
′

_ ■-

Inoue

Mai e曾ニ

:I

〟

｢)

rl

l I

Bara暫io la, :)

Salvatelli
′ T

Monnom et al.

(r

f,

Notes :

.
'! 0()()

1970 ∴r.滋h･1.ib.ooo

')1/. ･TJl

1970 2.500

了′

1970 1.000-25.
;辛r"I I/1･･ミ･･

,.王;

1972 500-3.000
▲

{!).. )i′∴I;I.

1972 150.-i8.･000

1972 0.5-10β′
′一

▲

C8F16

.tlrl ･17()･'t ･hl I,(i(:'r

Li,Na,K,Cs

Cs

り(1り.I:I?トf;i(:,;I).,7 ･'l{_)()i

ooo

,.{ftP.･,-,??声,,･,,NH3･.･(,".,I
i

…漂4;.A,,::._､!T..i?,

:､ミー..
F･s,.{,,,,_

E,,.～

K

･･.･.. Kr,･..X,e.: ･..(Jま

1973 7･5001,.4,0･000
=.P.b･. .1･.,･･.

( I:( i

;1 そ:).:i.Jl,i/.1J
1975 100-2.500

LJ
. I

.,･

,flL
A: Attenuation method, C:

r)り言!,()て
-!](H).一

()Tt+)i

N2,Ne,Ar

･'t･l;,･
r

.lt-(,I:

･

::!;

G

I

G+E

f
†

DC
{

-ll:･31i二

c
.Lミニ)I)

El,9圭t,/7

.if:ブL3
I･}!‡,/;
32

70

Tc lf)
･J()tTTL'i,,イ･/

c-(o-
･[?1,.

) 51

7′ジ,r)チ-I,)-]

L)71I[r)r;f]

71

,･山∫.1葺f
jt

38

MS

,.,.･･,l/_,叫.
;

- i

.Gi;
I,, ･!･)7Tf･}[∴4L7t:-

.f暮r
J′) L:つf(f･}三]･!)

G ー~ 52

･1ri
･.･,

･･

･･'･i(i

condenser mrethod, G:. 'Grow恥耶t如;,r-.i;ノf朗
l

′･･
＼

▲

I

E: Equilibrium method, MS: Mass-separation method, DC: Differential

cross section meaLSurement, R: Retardation method.

cr_･･ Cross section of electron production,
o+: Cross section of slow

ion production.

The energy is glVen in the unit of eV.



Table 3

A list of measurements of oト1

autho rs

(

Fog.el生生･

Fogel生生･

AfTOSimov et al.

Kozlov et al.

McC lure

Williams

Futch-Mos es

schlachter et al.

Gruebler et al.

Spiess et al.

Baragiola,

Salvatelli

l

year
I ene.r_gy range

1956 9.500･,29.000

1959 5.000-50.000

1960 5.000-180.000

1963 500-5.000

1963 6.000-50.000

1966 2.000-50.000

1967 4.000-50.000

1969 500-20.000

1970 1.000-20.000

1970 2.500

1973 7.500-40.000

ヽヽ

T年碍.et

H2･He･N2P2･
I

Ne,Ar

H2,He,Ne,Ar,

Kr, Ⅹe

Ar

H2,Art Kr

H2

H2,Re,Ne,也

Kr,Xe

M宮

Cs

Li,Na,K,Cs

Cs

Pb

method

G

G

良

G

G

G

G

G

G

G

re fpreTTCe

25 .‥_｡

28

2

42

45

81

29

67

32

70

4



Table 4
●

A list of measurements of ooユ

anthorsl ､ year en.ergy range

StieT,Bamett .
,
,

1956, 3.00QT200.000

Fogel生生･

Curran, Donahue

Donah'ue ,
Hush far

Pi lipenko, Fogel

?
pilipenko･Fogel

Williams

Futch, Moses

McC lure

Sdllacbter et al..

Berkner et al.

Pleishmann ,
Young

Fleishmann ,
Yotng

McNeal
, Clark

McNeal et al.

McNeal

Dagnac生生･

Bamett
,
Ray

Baragiola ,

Salvatelli

Dehmel et al.

Pradel et al.

Monnom et a1.

Noda

1958 5.000-40.000

1960 4.000-35.000

1961 8.000-401.000

1962 5.000-20､.000

1963 5.000-30.000

1967 2.000-50.000

1967 4.000-SO.000

1968 1.250-117.000

1969 500-20.000

1969 5.000-70.000

1969 50-1.000

1969 50-800

1969 1.000-25.000

1970 1.000-25.000

1970 1.000-25.000

197U 2.000-60.000

1972 300-10.000

1973 7.500-40.000

1973 80-2.000

1974 500-3.000

1975 100-2.●500

1976 200-5.000

target

H2,He,-N2,02,

Ne
,Ar

H2,He,N2,02,

Ne>ArIKrlXe

H2

Ar, CO

H2,N2,02,CO

NO

H2,He,Ne,Ar,Kr,

Xe

Mg

H2

Cs

Mg

H2,He,Ne,Ar

N2,02

N2

H2,He,02,Ne,

Ar,Kr,Xe

CO,Co2
,CH4,NHS

H20

H2,N2

Pb

Ar,Kr,Xe,CO,

CO2, CH4

HI

N2,Ne,Ar

H2,N2

method reference

G+E 74

G 27

C+A 1 8

C+A . 22

G

G

G

G

29

48

67

8

C( cr_)
23

C( q_)
22

C( cr_,
o.) 49

C(u_, o.) 50

C( cr_･
o.) 51

G+E 19

G 6

G 4.

C(o ) 20

61

55



Table 5

Tilt. r}',1

･.･.r 3. !

A list ofmeasurements of oo_1
､

=

′

-
autho,rs )-ears energ)I range targets method referen-ce

stiei,TBamett■'+''19鈷､73-;･bo'di･2-db･od6:I/.
･'単軸iL,0;-I,e{-'l

G･E -,rn秘:- ,

_
LL

Ne,Ar
:,1

Curran
, Donahue

Donah止e
,Hush

faiL⊥')

Pilif)enko,Foge王◆′-

Pilipenko,Fogel
'1}

McC l仏土e
･

Wil liams
=

ノ

Schlathter et al.

Berk急+;ret al.

r'

･り

Spiess et al.

?.

Baragiola,
I)

;S早1vateJli. I

Pradp_ei.1生生･･,‥

tノi

`

Ir)
l

iL t
.

; :

･′､f∴.'/･',!i･

7･

;'1･-/f)･',=)(,= ,7 :-:{･:L][

1960-.i

y4;･^0.Q9.-.敬000

H2

1961 8.000-4飢000:～).庶,-a,Qtl.I- rLi､IJ(,･!

1962 5･001恥5O･000け1.I-

･H去･,N,lb7;Qi･CQ
,-､='呈

1965 ) 5f.000'-35L.000I･･･.'･ NO .

･
.

H･!
_▲
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Table 6 .

A list of measurements of o-10

authors

‖asted

Whittler

Stedeford- Hasted

Hasted
,Smith

Stier
,Bamett

Muschlitz et al.

Muschlitz et al.

Bailey et al.

pilipenko

Bydin

Williams

Berkner et al.

Spiess et al.

Bailey et al.

Leslie et al.

Simpson
,Gilbody

Risley
,Geballe

Risley

●

ChamplOn et al.

year energy range

1952 100-2.500

19S4 4.000-70.00O

19S5 100-40.000

1956 10-2.700

1956 4.000-300.000

1956 4-400

1957 4-400

1957 5-350

1966 3.000-30.000

1966 20O-7.000

1967 2.000-SO.000

1969 5.000-70.000

1970 2.500

1970 10-350

1971 2.000-30.000

1972 4.000-30.000

1974 200-10.000

1974 200-10.000

1976 2-100

target method

He,Ne,Ar,Kr, C

Xe

HH;,Ne,Ar,Kr,告
Xe

H2,He,N2,02, G

Ne
,Ar

H2 C

H2 C

He,Ne,Ar C

02,NO,CO C

He,Ne,Ar,Kr,Xe C

H2,He,Ne,Ar,Kr, G

Xe

Mg G

Cs G

O2 C

Cs G

H2,He,Ar A

H2,He,N2,02,Ar A

H2>He,N2,02,Ar A

He,N2,Ne,Ar C

reference

35

53

54

3

60

10

83

8

70

5

43

68

63

64

12



Table 7

A list of measurements of o-ll

auth ors

P

Fogel et al.

Tisone et al.

Williams

Leslie et aL1.

yeaLr en,ergy range tar字母t

1957､ 5･､000-40･000 I- H2,He,N2,02,

Ne,Ar,KT,Xe

1965 500-4･･000 H2

1967 2･000-50･000 H2,也,Ne,Ar

1971 2.000-3∩.000 Cs

method

G

refer9nCe

26



Fig･ 1 Charge transfer cross sections of hydrogen bearns in H2 in a vJide range of the energy

･

showing thLe sizes of tHe･cros豆sections for various･ processes.
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Fig. 2 Cross sections for one･electron capture of H+ beams in H2
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Fig. 3 Cross sections for one･electron capture of H+ beams in He
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Fig. 17 Cross sections for one-electron capture of H+ beams in Na
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Fig. 25 Crpss sections for two･electron capture of H'beams in N2
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Fig. 28 Cross sections for two･eLectron capture of H+ beams in Ar
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Fig. 29 Cross sections for two-electron capture of H+ beams in Kr
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Fig. 32 Cross sections for two-e一ectron capture of H十beams in Na
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Fig. 33 Cross sections for two･efectron capture of H+ beams in Mg
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Fig. 35 Cross sections for tw.o,･electron capture of H+ beams in Cs
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10-17

ー=~~こ一

【i】

≡
くJ

i:!■■■■=コ

●･･■■

⊂)

ら

Energy (Elab-keV)

Fig. 38 ▲CrosssecticinS for one-electron 一ossof HO beam岳in He-



A

ロ

Ho+N2
-+H'

ロ Barnett

△ Fjeishmann (o_)
+ McNeal(o_)
∇ Monnom

● Noda

o P=penko

X St舌er
▲

smith

A

A

A

△

△

△
△

A
､

lコ

●

A

+

+

++日
額

十 +

▲
hil .･十うロ呈｡Bx Xi

×

㌔≠

∇

▲ ∇ ●

口

●●

●

｡△呈.㌔●△ ∇
△ ∇

l

Energy (Elab-keV)

I
'

i

Fig. 39 Cross s'ectiohs for.on旨二e,16ttrontoss of Ho beams i~nN2



EnergyほIab-keV)

Fig. 40 Cross sections for one･electron toss of HO beams in 02

10-17

J~~二_

rl

≡
U

i::■lコ

■■l

⊂l

ら



Ho+Ne一日十

+ Fleishmann (oJ
+ McNeaI(qJ
△ Monnom

x St舌er

0 WiLIiams

ロ Roussel

+

十

√
十

十

千

+

+++

十

...･･:+eロ十++ ロ

十

++ ロ

●

●

● o o

●S
o

x

●ロロロ
x

～.ロロ△

lIE)
A

Energy (Elab-keV)

Fi白.41 Cros岳sections for one-e一ectron (oss of HO beams in Ne



≡::i::≡

:i]

≡
U

i::~!:=

■■l

(∋

ら

10~17

Ho+Ar一日+

● DehmeI (o_)
ム Donahue

+ FJeishmann (q_)
□ McNeaI(o_)

∇ Monnom

X
Slier

o
WilJiams

▲ Roussel

J VanZyl
■

.i
ヰ■

>'
‡+

of+I

++
+I

+

+

+
L

.㌔F~ ▲

▲

▲

㌔ ▲▲

▲▲▲▲▲
o

O

0

o.o1

Energyほ1ab-keV)

Fig. 42 Cross sections for qne･electr8n 一ossof HO beams in Ar



.･･+葺0

+

xx
xxxy?

0

●

●●●

×

10~11

Jご~二_

rヰ

≡
O

-･･iJ:一

■-ll

0

ら

Ho+KrヰH+

+ DehmeI(a)

十 McNeal (α_I
O W=iams

メ Roussel

Energy (El乙･b-keV)

Fig. 43 Cross･sections for one･eJectron toss of HO beams i.nKr



+

Ho+Xe⇒H+

● Dehmel (q_)
+ McNeaJ(oJ
0 W=iams

口
Morgan(Do)

■
Morgan(Ho)

A
Roussef

●

A

10~17

ー･二~~▲-一一

rl

≡
O

i=■■:::i

～

O

ら

十十+
十

十

+
●

+++ o

+● 0

●
● 0

ロ

o
0

ロ ロ ロロ

A

△ム△△♂△

+

0

⊂】

ロ■

Energvほ1ab-keV)

Fig. 44 Cross sections for one-electron暮oss of HO beams in Xe



Energy (EIab- keV)

Fig. 45 Cross sections for one-electron loss of HO beams in CH.
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Fig. 47 Cross sections for one･electron Loss of HO beams in H20
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Fig. 57 Cross sections for one･electron capture of HO beams in N2
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Fig. 58 Cross sections for one･electron capture of HO beams in 02



Energy (Elab-keV)

Fig. 59 Cross sections for one-electron capture of HO beams in Ne
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Fig. 60 Cross sections for one-electron capture-of HO beams in Ar
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Fig. 68 Cross sections for one-e一ectron capture of HO beams in Pb
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Fig. 81 Cross sections for two･electron loss of H~ beams in H2
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Fig. 87 Cross sections for two･e[ectron loss of H~ beams in Kr
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