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Equilibrium charge-state distributions have been determined experimentally for chlorine and
bromine ions with energies between 1 and 14 MeV traversing Hy, He, N,, O,, Ar, and Kr gases
and a carbon foil. In addition, a few measurements have been made using iodine beams tra-
versing various targets—at 3, 10, and 12 MeV through carbon foil, at 8 MeV through CO,, at
10 and 12 MeV through gold foil, and at 12 MeV through a Xe gas target.

I. INTRODUCTION

The charge of a fast ion moving through matter
fluctuates as a result of electron loss and capture
in collisions with the atoms of the target. After
the ions have made a sufficient number of collisions
with the target atoms an equilibrium distribution
of charges is established which is dependent only
on the velocity of the ions and the target material.

In this experiment equilibrium charge fractions
have been measured for chlorine ions, at energies
between 1 and 12 MeV, and bromine ions, at ener-
gies between 2 and 14 MeV, passing through six
gases (H, He, N, O,, Ar, and Kr) and a carbon
foil. The ions were accelerated in the Robert J.
Van de Graaff Laboratory’s 3-MV tandem acceler-
ator and the beams were analyzed both electrostat-
ically and magnetically before entering the experi-
mental apparatus. This apparatus, as well as the
data collection and analysis, was identical to that
described by Ryding, Wittkower, and Rose. 2

This is the third in a series of papers describing
the results of equilibrium-charge-fraction measure:
ments of heavy ions at high energies. Previous
work using iodine and aluminum beams has already
been published®3; some new results(with iodine)
are included in the body of this paper. In addition,
use has been made of earlier results to present
some semiempirical predictions for the mean
charge and distribution width of a variety of heavy
ions.

II. MATHEMATICAL DESCRIPTION

The mathematical formalisms of charge changing
have been described extensively elsewhere. 45 The
present description will therefore be limited to
those aspects which relate directly to the data ob-
tained.

The charge-state composition of a beam passing
through a gas may be described in terms of the
fractions of the beam F,(r) in charge state i, where
7 refers to the number of target particles per cm

4

traversed by the beam (3 F;(r)=1). The variation
of the fractions is described by a system of differ-
ential equations

0 57 B0
T i i

where 0;; is the cross section for a charge change
from 7 to j.

At large values of m, dF;(n)/dm— 0 and equilib-
rium conditions are reached. F; will be used to
designate these equilibrium values. It is not always
possible to describe the charge-state distribution
of these equilibrium fractions by a simple mathe-
matical function and it is often convenient to refer
to the mean charge 7 given by

T=224iF;, (2)
the distribution width or standard deviation
Uz‘: Ei(-{—i)zFi, (3)

and the distribution asymmetry or skewness y
given by

y=[2;(T-49°F,;]/0%. )
III. RESULTS AND DISCUSSION

Sample measurements were obtained of charge-
state fractions for both chlorine and bromine ions
as a function of target thickness (see Fig. 1 of
Ref. 3), in order to ensure charge equilibration at
each energy. However, it was not always neces-
sary to generate complete growth curves to obtain
the equilibrium values F;, and fractions which
were in good agreement at two substantially differ-
ent target thicknesses were accepted.

Errors in the measured fractions were estimated
from the repeatability of the data and from statis-
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tical errors associated with the pulse counting of
each beam component. Errors involved in the de-
termination of beam energy were negligible. For
fractions F; greater than ~ 1%, the total estimated
probable error is less than + 5%, whereas for frac-
tions less than ~1%, the probable error may be as
large as +10%.

The measured charge-state fractions are pre-
sented in Table I (chlorine) and Table II (bromine)
as a function of the projectile energy and target
material. The mean charge, distribution width,
and skewness are also listed. In Table III some
equilibrium fractions for iodine beams in targets,
which have not been published previously, are in-
cluded.

Previous data which can be compared directly
with the present results are sparse. The data of
Almqvist et al., ® who measured equilibrium frac-
tions of chlorine beams in a carbon foil at 8 and
12 MeV, are substantially in agreement with the
present results. On the other hand, a set of data
presented by Litherland ef al., " in oxygen gas at
10 MeV, shows considerable differences in both
low- and high-charge-state fractions, although the
fraction of the most probable charge state, the 5*
in both cases, is in agreement with our value. No
direct comparison with previous data can be made
for incident bromine ions, although Moak et al.®
have obtained data at 15 MeV. An extrapolation
shows that relatively small but significant differ-
ences exist both in this case and with iodine beams
where a direct comparison can be made. These
differences are due to a target-density effect?® in-
duced by the large difference in the target cell
lengths used; Moak ef al. made use of a long gas
cell so that the target density at equilibrium was
~ 10 times lower than in the present experiments.

The mean charge for both chlorine and bromine
beams depends considerably on the choice of the
target gas. The target gas giving the highest mean
charge increases in mass with increasing energy,
e.g., O, for a chlorine beam at 1 MeV, Ar at 6
MeV, and Kr at 12 MeV. By making use of our
earlier iodine ion data? it may be observed that at
a particular projectile velocity a given target gas
gives the highest mean charge independently of the
projectile species. As expected, the mean charge
in a carbon foil is appreciably greater than in any
of the gases at all energies. The distribution
width is generally greatest in an oxygen gas target.
This is true also for iodine beams in the same
energy range. The maximum skewness is usually

generated by collisions in the heaviest gas, krypton.

Note the symmetry of distributions in a carbon foil
due to the boil-off of Auger electrons from the ex-
cited atom as it leaves the foil. This process,
itself statistical, tends to symmetrize the final
distribution, 1

By assuming that the distribution of ions among
the more intense charge states is nearly Gaussian,
Nikolaev® derived a relationship between the distri-
bution width and mean charge

F,az(zw)'”ze'”‘?)z/a"z . (5)

For the projectiles and targets used in the present
studies F; o is clearly observed to be a function of
(4 -7)%/20%, although not always nearly Gaussian
owing to the complicating effect of the skewness vy.
In Fig. 1 this feature is displayed by plotting F ;o
vs (7 — i) /o for three projectile species passing
through an oxygen gas target; a pure Gaussian
distribution is shown for comparison.

IV. SEMIEMPIRICAL PREDICTIONS

Using the data available to them, several ex-
perimenters!!? have attempted to derive universal
equations which would enable the charge-state dis-
tributions of all ions to be predicted. This is a
‘formidable task in view of the limited available
data and the complex nature of the interactions.

In addition the present work indicates that at least
three parameters (7, 0, and y) are required to give
a reliable indication of a distribution in the energy
range 1-20 MeV. Most semiempirical relation-
ships have only attempted to predict the mean
charge 7 and have generally been based on masses
and energies outside the present range of interest.
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FIG. 1. F;o plotted as a function of (;—49) /0. This
universal curve is independent of the projectile species
and energy but does depend upon the target material, which
in this case was oxygen gas.
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TABLE I. Equilibrium charge-state distributions for chlorine.

Charge-state fractions F; %)

Energy Tar-

11 12 13 14

10

get

(MeV)
1.0

0.334
0.218

0.859
0.937
1.00
1.01

1.51
1.96
2.03
2.07
1.89
1.58
3.41

0.04
0.35
0.96
1.00
0.59
0.19

15.1

1.21
4.74
6.29
6.83
4.00
1.44

35.3 10.9
23.8

42.9

9.63
4.18
3.38
3.58
3.45
6.64
0.65
1.87
1.44
0.41
0.46
0.43

H,

41.7 21.6

27.4

He

0.475
0.390
0.543
0.517
0.188

0.03
0.03

0.17
0.14
0.15
0.05
5.66
0.01
0.05
0.74
0.74
0.71
0.30

19.5

39.8 21.6

27.7

N,

39.8 23.0

25.7

0O,

0.930
0.844

1.37

. 41.7 18.0

43.1

Ar

11.0

37.6

Kr

0.06

1.06

. 27.5

42.8

6.01

A.

0.120
0.192

0.363
0.330

0.893
0.956

2.15
2.36

0.31
1.23
3.69
4.03
3.03

5.55
9.87

17.0

28.1

21.3

H,

2.0

40.6 30.8

16.0

He

B.

03
1.04
1.02

2.76
2.78
2.68
2.33
4.61
3.26
3.13

0.13
0.14
0.18

36.6

31.7

8.70
8.74
9.83

17.1

N,

17.7

36.5
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0.448
0.374

-0.080

35.9 15.0

34.9

Ar

0.954

8.34 1.35
26.4

30.7

41.2

1.05
0.03

Kr

1.38

0. 04

0.84

7.11

0.17 5.54 15.6
31.1

1.63
3.01

0.076
0.151
0.465
0.380

0.890
0.958

0.04
0.04
1.52
1.03
1.17
0.68
9.48
0.32
0.45
3.70

0.45
0.67
4.76
3.67
3.83
2.36

6.88
6.32

42.4

17.4

0.03
0.10
0.01

Hp

4.0

41.3 26.5

22.1

He

08
6

0.02
0.01

0.21
0.14
0.20
0.09
1.42

17.
16.2

38.3
36.8

29.8
32.0

7.51
9.36
8.30

11.8

0.51
0.72
0.48
1.03
0.29

0.304
0.440
-0.264

1.05
1.01
1.26

3.87
3.54
6.06

0.03
0.02
0.10

42.2 18.4

25.4

0.01
0.02
0.01

Ar

35.1 11.5

37.4

Kr

5.45
4.02

31.5
12.9

19.1

8.62

2.33

-0.025

. 888

4.20
3.87
4.60
4.46
4.70

42.9 30.9

18.2

2.14
6.47
1.17

0.05
0.34
0.03
0.05
0.02
0.03

Hy

6.0

0.141
0.302
0.337
0.343

0.01
0.56
0.55
0.72
0.46

19.1

39.6 20.2

28.9

He

1.05
1.06
1.04

0.04
0.04
0.10
0.05
4.88
0.01

34.8 34.9

12.0

N,

36.7 32.2 10.8 .

14.8

1.84
0.82

0,

89
2.74
33.6

. 37.6 14.2
38.8

9.73
13.7

Ar

0.397
-0.179
-0.033

1.02
1.21

4.46
6.69
5.08
4.59

9.58
26.7

1.39
11.2

0.03

Kr

0.03

0.58

3.36
20.5

0.51

0.876
1.00

0.14
0.16
2.28
2.07
2.67

4.18

45.9 26.2

2.90
11.6

0.11
1.16

H,

8.0

0.099

36.4 14.1

34.0

0.02

He

0.332
0.362
0.332

06
10
03
03
16

5.18

0.03
0.03
0.07
0.08
3.65

0.38
0.31
0.47
0.57

15.7

39.2 27.9 10.3

17.4

2.43
3.98
1.24
1.16
0.04

0.11
0.24
0.04
0.04

N,

38.9 23.5 8.78

22.2

0,

5.54
5.56
7.56

37.7 33.2
12.9

12.1

Ar

0.370
-0.070

33.2
1

37.6

11.5

Kr

0.03

0.39

3.2 30.9 32.5

3.13

30.5

0.48

—0.035

0.855
1.00

5.78
5.21
5.77
5.60
6.01

0.04
0. 04

1.42
0.81
4.54
3.68

17.4

45.0

5.33
19.3

0.26
3.35
0.75
1.40
0.26

0.01
0.18
0.02
0.05
0.01

H,

10.0

0.055
0.316
0.326
0.325

17.3

28.0

39.6

He

1.07
1.09
1.02

0.09
0.07
0.15

0.85
0.71
1.09

32.3 35.4

8.69
12.3

Ny

0.01
0.01

14.7

31.8

0,

40.2 21.9 5.51

26.2

4.60

Ar

| >
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TABLE 1. (continued)

Energy Tar-

14

13

12

10
0.09
9.01

0

(MeV) get

0.250
0.010

0. 942
1.17

6.16
8.09

0.01

0.13

0.01
1.57

0.91
24.7

5.81
34.4

26.7
22.6

43.2
6.46

1.05

20.7

2.44
0.11

0.08
0.01

Kr
C
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§ g § E‘; § § § A. Mean Chargei—
? °eeeeee In the present work we are limited to values of
® © 7 /Z less than 0.3 and the low-velocity approxi-
BRSRES A mation of Dimitriev and Nikolaev? (based on the
eer-od Bohr criterion) is the only empirical prediction
available. The simple Bohr theory predicts that
IRIAERD 7 varies as ZJ, where a ranges from 3 to % de-
1566 S S D pending on the assumptions made in the statistical
model of the atomic particle. Consequently, the
following form was assumed:
g i=KvZj, (6)
(=]
where Z, is the nuclear charge of the projectile,
239 v is the velocity of the projectile, and K is a con-
Ssses stant which depends upon the target material.
Values of log;y7 /v were then plotted against log,, Z,
88859 for the chlorine, bromine, and iodine data. It was
ScSscoom found that the points could be fitted quite well by a
straight line of slope 0.5. Consequently, the data
NI R824 were then plotted in the form 7/2;’2 vs v. The
csSscScsow data were found to fit the empirical relationship
28953~ i=KvZzj'*sC, ()
SO MmN MmH -
@ where v is in units of 10® cm/sec and C is a con-
g N stant which depends upon both the projectile and
R the target species. K was found to be 0.19+0.02
for all projectile-target combinations ingood agree-
D= ¢ 01 ©. O I~ ment with Dimitriev’s value of 0.18 for an oxygen
5’ o ﬁ I 3 cma ¥ target and 0.16 for a helium target. However, in
order to obtain a good fit to the experimental data,
DI~ values of C ranging from +0.10 to - 0. 20 for
g % ;1; < ; g o gases, and 0.6+0.05 for a carbon foil, were re-
quired. Representative data taken using an oxygen
0388 target are shown in Fig. 2, for which case C=~0.
.‘34" ?, 33 3 ~~ o Equation (7) may be written in a more convenient
form if it is assumed that the ratio of atomic weight
¥5gEsay 'to nuclear charge of an ion is approximately 2. 2,
Se-HNOS S o l.e., ‘
AlzZ,~2.2. (8)
AN O O W -~
ere—es Then the mean charge given by
oo oo CoCo
7~9.3KEY2,C, 9)
§. where E is the projectile energy in MeV. It is
interesting to note that, from Eq. (9), at a fixed
energy the mean charge is roughly independent of
the projectile species—a prediction confirmed by
the experimental results.
B. Distribution Width ¢
0 O co sl K An empirical relationship for o has also been de-
HmZ0<NMO

rived from the present results. Dimitriev and
Nikolaev'? suggested the following simple relation:

0=0,Z}5. (10)
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TABLE II. Equilibrium charge-state distributions for bromine.

Charge-state fractions F;(%)

Energy Tar-
MeV)

16

15

9 10 11 12 13 14

8

7

get
Hy

40

37

08
0.88
1.15
1.40
-0.19

0.

1.46 0.83

1.06 0.10
8.12 1.56
7.12 2.85
9.73 3.97
4.17 1.4
1.88 0.79

22.2

9.89 45.1 35.5 8.34
27.1
11.7

2.11
2.55

2.0

0.

2.25 0.99

0.02
0.46
0.53
0.34
0.18

18.8

0.20
1.04
1.32
0.60
0.38

25.1

41.4

19.5

He

1.

2.20 1.18

0.02
0.02

0.11
0.14

25.3 39.8 20.7

2

N
0,

2.42 1,23

37.0 25.6

2,07 19.6

1.96 1.04

16.4

42.9

31.2
6.44 44.7

3.01

Ar

1.60 0.95

0.05
9.36

8.63
5.77

21.6

37.2

Kr

A. B. WITTKOWER AND G.

5.74 1.63

0.52

3.52

2.21

0.78
25.9

0.35

2.01 0.91
2.64 1.07

0.01
0.13
1.92
2.27
1.71
1.12

25.2

0.06

0.56
3.80
7.74
9.40
5.01
2.87
4.07

4.36
14.3

.6

34.9

7.32 29,2
6.23 24.9
8.25 32.5

2.85
0.92

0.

H,

4.0

41
0.98
0.87
1.21
1.48

-0.03

0.

0.01
0.67
0.78
0.77
0.51

28.3

0.73
3.49
4.39
2.74
1.60

13.0

33.7

11.5

He

3.10 1.39

0.20
0.27

17.0

32.1

33

3.27 1.44
2,97 1.38

2.45 1.28

19.2

32.3

0.29

.

0.16
15.9

15.0

32.6

0.36
1.17

41.6 25.1 7.96

18.0

Kr

7.73 1.50

2.32 0.84

8.69

1.15
3.03

0.44

38.3

0.10
8.50 33.7
4.44 23.2

0.24

2.71 0.97
3.17 1.12

0.04
1.98
7.86
8.22
5.93
4.05
3.3

0.32
8.66

0.47
0.

H,

6.0

39
0.85
0.87

0.02
0.89
0.87
0.87
0.69

27.5

0.05

0.42

27.5

36.9

22

He

4.08 1.58
4.06 1.58

0.08
0.10

.30
0.34
0.32

2.09
2.01
1.85
1.35

24.5

5.17
4.62
3.66
2.67

10.3

6.
16.3

26.4

27.2
27.8

1.46 11.2
1.40 11.9

0.04
0.05

N,
O,
Ar

11
1.30
0.09
0.28

1.

3.82 1.57
3.42 1,52

0.15
0.10

10.3

256.5 12.9

31.6

1.78 15.4
4.91 20.2

0.05
0.13

0.25
19,7

20.8 7.56

37.2

Kr

8.95 1.43

0.61 0.09

2.97

0.44
8.62

0.11
15.6

29.2
36.0

3.29 0.97
3.74 1.13

0.03
0.20
4.26
4.09
3.61
2.70

14.5

0.15
1.19
9.31
9.36
7.20

1.07
4.71

13.5

41.0

1.69 18.3
1.12 11.1

0.27
0.30
0.21
0.88

H,

8.0

RYDING

39

6
0.66
0.97
1.13
0.11

0.
0.

4.85 1,63
4.80 1.68
4.70 1.66
4.23 1.68
9.69 1.43

0.04
2.00 0.41 0.05

0.07
0.13
0.08
7.30

0.18
0. 20
0.33
0.24

19.6

0.60

0.70

0.65

0.81
24.1

0.05
1.75
1.7
1.58
1.65
26.7

5.19
4.50
0.77
3.32

13.2

8.01
0.77
4.41

13.8
11.4
10.4

23.0
21.8
22.9
14.

27.8
25.8
28.7
28.8

30.0
15.5
17.7
19.0
28.8

3.71
4.61
4.31
8.60

He
N,
0O
Ar
Kr
C

0.22
0.35

3.95 0.99
4.32 1.17

0.08
0.54
6.27
6.24
5.80
5.08
7.25

26.8 40.4 22,0

5.18
3.94
0.85
1.02
1.0

0.27
0.24

Hy

10.0

0.12
2,66
2.75
2.95
2,61

18.0

34.7 27.0

19.8

He

68
0.64
0.84

0.

5.44 1.62

0.04
0.04
0.09
0.08
5.67

0.12
0.12
0.29

0.39
0.40
0.65
0.51

24.1

1.19
1.14
1.52
1.25

26.7

19.0

22.6 26.2

7.42
7.80
8.60

14.4

0.03
0.04
0.06
0.12

N

5.45 1.63

26.7 19.0 13.5

21.2

5.43 1.72

12.5

17.2

27.0

22.5

Ar

0.94
0.12

5.04 1.76

0.03 10.4

9.50
1.54 14.7

25.0

27.0

2.51

Kr

1.47

0.28

1.60

0.17

0.02

|
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Table IL.(continued)

Charge-state fractions F; (%)

Energy Tar-
(MeV)

12.0

11 12 13 14 15 16

10

get
Hy

4.70 0.98 0.22
4.83 1,20 0.27
6.03 1.62 0.62

0.04
0.18
4.33
4.71
4.53
4.0

39.0 14.7

33.3

8.50
11.2

0.67
1.27
0.14
0.26
0.14
0.20

0.02

0.05
1.94
2.22
2,30
2,1
9.25 20.3

0.12
0.43
6.06
6.40
6.52
6.16

27.7 33.6 17.7

0.05

He

0.07

0.24
0.29
0.44
0.47

22.9

0.73
0.82

9.26
9.51
8.66
8.5

25.0 23.4 18.8

13.4

2,68
3.07
2,22

N,

1.66 0.56

6.08 1.70 0.88

5.94

6.09
0.17 11.2

22.7 20.1

23.3

12.9
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0.056
0.11

4.7

0.20
0.23

12.2

22.7 18.1

26.5

12.9

Ar

1.77 0.96
1.49 0.10

5.29 0.99 0.18

0.97
26.4

20.6 16.3

16.1  26.7

3.7

Kr

1.2

2.5

0.37
9.73

13.8

0.03
27.8

1.12
3.08

12.0
13.4

41.6
34.8

17.2

2.27
3.63
0.85
0.79
0.59
0.76

0.09
0.24
0.04
0.04
0.02
0.03

H, 0.01
0.01

14.0

5.38 1,17 0.24
6.44 1.57 0.64
6.58 1.61 0.57

0.03 6.66 1.72 0.91

0.09
2.27
3.05
3.31
3.11

25.7

18.2

He

0.

0.12
0.14
0.33
0.32

0.40
0.42
0.82
0.71

1.00
1.33

23.4

25.1

7.19 21.5

N,

24.4

24.0

6.64 19.3

0O,

0.06
0.07

0.14
0.15

1.68
1.49

24.6 23.5 12.7

5.80 19.9

6.94 21.7

Ar

0.04 6.55 1.73 0.93

22.1 12.1

24.3

Kr

Equilibrium charge-state distributions for iodine.

TABLE III.

Charge-state fractions F;(%)

Energy Tar-
(MeV)

11 12 13 14 15 16 17 18
0.27 0.16

10

5

get

1.16
0.18

5.26 2.10

6.1

0.46

0.88

1.71
1.06
1.49

6.24 12.8

3.43
17.9

3.53
3.10

6.43
9.31
5.41

Xe 0.10 3.1 16.6 23.3 19.7 13.0 10.9
29.0

i2

1.36

23.2

1.82 7.8 23.9
22.6

0.34

0.75

4.98 1.9

0.34 12.1

0.26

0.66
18.4

13.0 9.42

20.6

0.42 5.33 17.7

Co,

[
N
=

95
43

1.

17.2 11.4 6.25 2.75 1.15

20.9

2.03

0.46

12
12
10
10

0.80
0.24
0.52

0.37 10.1 2.

3.68 2.08 1.26 0.68
0.45 0.14

07
89
43

9.72 6.

13.5

14.0

16.8

2.96 8.95 14.4

0.98

0.61

Au

1.9

0.04 10.4
0.05

3.34 1.34

7.

19.2

21.1
15.2

17.0

4.61 10.2

0.14
1.56

9.16 2.05

0.29 0.12

1.52 0.66

3.

6.74

11.6

20.5 19.0

5.63 13.4

0.17

Au
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authors.

Logo was therefore plotted against logZ, using the
present results and it was found that a value of
n=0.5 best fitted the data. Values of 0/Z}/? were
then plotted as a function of velocity and are shown
in Fig. 3 for an oxygen target.

It can be seen that at higher velocities o is es-
sentially constant and from this work the following
approximate relationship may be derived:

0= 0,252 (1)

for v>3.5%10® cm/sec. Values of o, for all pro-
jectiles were determined to be ~0.17+0.02 in a
H, target, 0.20+0.03 in He, 0.27+0.03 in N;, O,,

Ar, Kr, and a carbon foil.

C. Distribution Skewness 7y

No semiempirical fits have been obtained for ¥
which is extremely sensitive to the accuracy of the
data.

V. CONCLUSION

In conclusion, it can be stated that although the
semiempirical relationships of Dimitriev and
Nikolaev appear to hold in the range of their appli-
cability for a variety of ion species and target
materials, no real understanding of the fundamen-
tals behind these relationships can be obtained
without measurements of the fundamental param-
eters—the charge-changing cross sections them-
selves. Measurements of this type are in progress
at this laboratory.

*Present address: Lintott Engineering, Ltd., Horsham,
Sussex, England.
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