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Electron capture and loss phenomena are reviewed 
which occur when heavy ions penetrate through matter. 
Stripper targets consisting of dilute and dense gases, 
large molecules and solids are examined with regard to 
their effects on heavy ion charge state distributions. 
The discussion includes semiempirical predictions for 
average equilibrium charge states, density effects in 
gases and solids, tails 01 charge distributions, and 
charge changing cross sections I 

Introduction 

The acceleration of heavy ions is being pursued 
“lith increasing efforts and especially during the last 
years acceleration techniques have been studied in 
great detail. In reaching the goalto produce intense 
beams of ions as heavy as uranium and energetic enou@ 
to overcome the Coulomb barrier even for the heaviest 
targets, many neij problems must be solved ,qhich were 
not important for the design of conventional light 
particle accelerators. One of these problems concerns 
the ionic charge of heavy ions which is an influential 
riell parameter. In this paper, the variation of ionic 
charge due to collisions with matter (“stripping”) 
will be discussed, as well as some associated phen- 
omena of practical interest. 

The effects of charge stripping on heavy ion ac- 
celeration are twofold, On the one hand, the passage 
of heavy ions through specially designed strippers 
can be eqlloited to produce a substantial increase of 
the ion charge which reduces the effective potential 
required par further acceleration, In order to find 
the most suitable stripper and to utilize the highest 
possible charge states, it is necessary to investi- 
,gate the effects of strippers on heavy ion beams in 
great detail. On the other hand, random stripping in 
the residual gas of an accelerator may lead to beam 
losses. In order to calculate the vacuum which 
guarantee:; a satisfactory particle transmission, it is 
necessary to know charge cnanging cross sections. 
These cross sections are very complex quantities and 
they can hardly be estimated without extensive know- 
ledge about fundamentals of charge changing processes, 

The Average Equilibrium Charge 

When a monoenergetic ion beam penetrates through 
matter, the charge of the ions fluctuates due to elec- 
tron capture and loss processes. The resulting charge 
distribution depends initially on the charges present 
in the incident beam and on tne target thickness, but 
it changes rapidly towards an equilibrium distribution, 
F(q), which depends only on the nuclear charge and the 
velocity of the ions, Z and V, and. on the target 
species. The required equilibrium thickness of the 
target increases slowly with V and is typically be- 
tween 1 and 50 pg/cm* for beam energies below 200 MeV. 
The energy loss in these targets usually does not ex- 
ceed a few percent of the initial ion energy. 

From a given equilibrium charge distribution it is 
possible to derive a well defined average charge, 
;ii = 2, F(q) q / E9 F(q). Since 1940, the function- 
al dependence of q on Z and V has been the subject of 
theoretical and experimental studies, For many prac- 
tical purposes it is convenient to use explicit ex- 
pressions for q(Z,V) which hold over large ranges of 
Z and V. In the following, the most important ones 
among such formulas are discussed. 

Gaseous Strippers 

As early as in 1941 Bohr pas given a theoretical 
estimate for gaseous targets, 

5/z = v/(v 0 z2’1) f (i/z <WI 0) 

where V. = e2/h. This represents a remarkable first 
order approximation though later experiments showed 
that Eq.(l) overestimates p systematically. An im- 
proved formula is obtained by the generalized expo- 
nential*)3 

q/z = 1 - exp [ -v/(voz2’3) ] * (2) 

This expression overestimates i7: only at low energies 
where it may give values which deviate from experi- 
mental data obtained in N2, 02 or Ar strippers by as 
much as @ ‘2, but for higher energies where q/Z ) 0.3 
it seems that Eq.(2) predicts q within the experiment- 
al errors. 

Closer agreerlent with experimental results may tie 
obtained by fitti 
high ionizations: i: 

g the data separately at low and 

” = 
i 

A v/zlJ2 I (ziwm+3) 
lgiv/mZ(+)/lg(n/Zaz) 

(3a) 
, (i&zto.3) (34 

where the five parameters are determined empirically 
and amount for targets of N2 or Ar to A = 0.18; 
CQ = 0.4; 9 = 0.3; m = 0.9; n = ‘7. The linear ap- 
proximation Eq.(ja) predicts q generally within one 
charge state. However, identical parameters are given 
for N2 and Ar targets though ;i differs in these gases 
often by 4 = 0.5. Also, the parameters do not allow 
a smooth transition between Eqs.(ja) and (3b); in the 
case of 90 MeV iodine ions where q/Z is close to 0.3, 
the two formulas give charge states which differ by 
@q =1. 

Extensive experimental data OII S, As, I and U ions 
stripped in air at energies betyeen 5 nd 80 MeV has 
been used to modify Eq. (2) as follows: 335 ’ ’ 

c/Z = 1 - C exp [ -vlWoz7) ] * (v 2 vo) (44 

With empirically determined parameters C and 7 which 
depend slightly on 2 (see Table I), the data could be 
fitted in practically all cases within the experimental 
,e;;;;ee;Ee’,C))T ;ar;;3sJates, Substitution of the 

YZ q 1 - C(bZa)V/vo, (lo,Lz&g2; v$vo) (4b) 
where a = 0.066 i and 1: = 0. 1 IQ. It should be kept in 
mind, however, that all these semiempirical estimates 
are useful mainly for interpolation purposes and that 
extrapolations beyond the investigated ranges of both 
Z and V may be risky. For example, due to the simpli- 
fying substitution 7(Z) Eq.(bb) gives too small values 
for Z s 92 in gaseous targets. Fig.1 shows a compari- 
son between Eqs.(l)-(4) for the particular case of io- 
dine ions, stripped to equilibrium in targets of N2, 
02, and air. The experimental data points which are 
plotted in Fig.1 have been taken from the original 
tables3,5-9 and represent most, if not all of the data 
which has been measured up to date for this case. In 
general, there is satisfactory agreement between the 
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Table I, Parameters C and d(Eq, (ha), ref. 2,3,5)* 
“___ ._--__ “_. --- - -....-..._--- _-__ __--. -- ---. --_- -- 

I- 

~: 

Air-Stripper Formvar-Foilstripper 
__-_ ._ - _ .- . ..--.. -_ -_ __ ^ . _ _.-_-_. - ---- 

Ion C II / c 8 

S 1.135 0,663 1.083 0.004 
A6 1.117 0.628 1,098 0.538 
I 1.065 0,641 1,030 0.518 
u (1 #Ol) Wio) 1.030 0.510 

_ _...-- ---- ______._ _ 

experimental data and the semiempirical estimates fran 
b(3) and (4), and, for higher envgies , from Eq. (2) . 
The data measured by Ryding et al, lies systematically 
above the estimates from Eqs. (3) and (4)) but it has 
been found that this shift to higher charge sta$s is 
due to the density effect which occurs in gases and 
which is described later on. 

Solid Strippers- 

Several ar,alytical approximations for 4 in solids 
are availai;le. _ Eq.(3b) can be used with the modified 
parameters al - 0.1; a2 = 0.6; m = 1.2; n = 5. No 
value for A in Eq. (3a) has been given in ref.4, but it 
is estimated that A = 0.33 is a useful approximation 
for heavy ions stripped in carbon foils in the range 
q/z < 0.3. The semiempirical relations Eqs.(&) and 
(4b) hold also for Formvar or carbon strippers ,Jhen 
the parameters C and y are taken from Table I, and 
when a = @.0527 and b = 0.714. Taking into account 
experimental data at energies above 100 MeV, Nik;lpev 
and Dmitriev developed trle folloiiinl; expression : 

q/z = 1 + (V/V’Z ) C a -l/k -k ) (z 120) I Y (5) 

where V’ = 3.6 x 10’ cm/see, a = 0.45 and k = 0.6. The 
two formulas for solids, Eqs.(bb) and (5) are also dis- 
played in Fig. 1, together with the data available for 
iodine ions stripped in C and Formvar foils. Eq.(3b) 
is not shown since it differs from Eq. (5) by less than 
one unit of cnarge in the entire range of Fig.1. 

It is interesting to point out a shell effect which 
occurs obviously at q% 25. For that charge, all elec- 
trons are stripped off from the N-shell and further 
stripping requires that those M-electrons be removed 
which are more tightly bound. The sudden increase in 
the ionization potential is reflected in a less steep 
increase of G(V). An extrapolation of Eq.(hb) to 
lb0 MeV, for example, overestimates 9 by a-1.5. For 
iodine velocities where qA25, Eqs.(3b) and (5) are 
more accurate than Eq.(lib), whereas the opposite is the 
case in the range where ?j (25. 

In summarizing the above discussion, one can state 
that it is possible to predict mean equilihri~lm charge 
states for heavy ions with an average uncertainty of 
approximately f 1 units of charge for both gaseous ati 
solid targets. However, the effects of the nuclear 
charge of the target are often pronounced, and excita- 
tion and shell effects may produce noticeable chan(:es 
which are dif’ficult to predict. 

Equilibrium Charge State Distributions 

Apart from the large differences in the mean charge 
.ch is produced by gaseous and solid strippers, the 

In a recent publication, howel&r, a quantitatively 
opposite result has Leen obtained. It has been ar- 
gued that the average equilibrium charges of heavy ions 
inside solids are not much larger than those in gases, 
and that any observed large difference is mainly due to whi 

actual equilibrium charge distritutions in both of these the emission of Auger electrons after the ions leave 
target groups depend significantly on the nuclear charge the solid. Details of that conjecture are given in 
oi’ the target. Fig.2 shows distributions for 12 MeV ref. 14. Thowh this new model has not yet been veri- 
iodine ions In two gaseous targets (H2, 02) and in two fied experimentally, it is in accord with recent 
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solids (C, Au). This particular example is typical in 
that li$nt tarL:ets like H2 and He produce distributions 
which are much narrower and more symmetrical than the 
ones obtained in heavier targets. The differencss in 
the distribution widths are due to multiple electron 
loss processes wnich are much less important in lir:ht 
tari;ets than in heavier ones. A useful approximation 
for the full e-l width, /’ , of distributions in most 
targets, except in light gases ! is r zh: 0. I r 2112 I 
From this, the corresponding intensitv or the most 
probahle charpie state can Ile derived, F, x 
For I (0) ions, ? and Fmax amount to 5. J (2.2) and ? 

?I 1.47 7J-u2. 

20% (5%). The asymmetries which can be found especial- 
ly at lower ion velocities are not yet understood, and 
it is interesting to point out that they are not a dir- 
ect consequence of the presence of cross sections for 
multiple electron loss. 

The average charge in a C target is usually higher 
than the one in a Au target (6ijLt.2 for I), but the 
shape of the charge distrilGutions does not differ much 
and is quite symmetrical for charge states VJith inten- 
sities above ~1%. Other solids generally give mean 
charges which lie betvreen or close to tne values for C 
and Au. It should be noted that the symmetry of charge 
distributions can be greatly distorted by shell effects. 
A yood 
et>al.” 

rample for such a case has been c:iven i>y Moak 
; the equilibrium distribution for li+OMeV Br 

ions stripped in C shows an unusual decrease of charge 
fractions Fq with q > 25. It is believed that t:lis dis- 
tortion is caused by the difficulty of removing; elec- 
trons from the L-shell of the ions. 

Obviously, for a [‘;iven ion velocity the highest 
charge states with intensities close to the possille 
maximum F,~x are obtained in light solid media (C,Be). 
These loi! 2 foils have tire additional advantage over 
heavy tar;gets of scattering the ions to a srnall.er e;:- 
tent and, thus, of better preservin;; beam quality:. 
However, the advantages of foil strippers cannot al- 
ways be exploited when high intensity beams are de- 
sired. For heavy ion beam currents of t 1 p.A, life- 
times of foils are often only a fe-.i minutes. In manv 
practical cases :./tlere high 1. earn intensities are present, 
the only alternative is to use ,pseous strippers, eith- 
er the usual mono- or diatomic %ses, vapor jets or 
very large molecules with atomic rqeizhts a:)ove -350 
(see below). These gaseous targets are reliatle, but 
they may introduce vacuum problems and require techni- 
cally a more sophisticated stripping apparatus. 

Density Effects 

Density Effect in Solids 

It has been lr?o~n from early studies with fission 
fragments that average equilibrium charges of heavy 
ions are markedly higher in solid targets as compared 
with gaseous strippers. A generally accepted qualita- 
tive explanation for &is density effect has lIeen give11 
1:~ Bohr and Lindhard. They argue that the increase 
of the mean charge obtained from a solid takes place al- 
ready inside the solid, though the excitation of the 
ions in solids may result in a subsequent emission of 
electrons from the ions immediately after their escape 
into vacuum, which increases the mean charge to a cer- 
tain extent. 



observations concerning ionic excitation. lo In addi- 
tion, it is now easier to understand that the stopping 
power for heavy ions is nearly independent of whether 
the medium is a gas or a solid.15 

Density Effect in Cases 

It has been known for about 20 years that the equi- 
librium distribution of charge states in a heavy ion 
beam penetrating through gaseous media may shift to 
higher charge states when the pressure of the target 
gas is increased. The question arises whether this ef- 
fect which is different from the one in solids, may be 
utilized to obtain higher charge states for practical 
purposes. Bohr and Lindhard presented a detailed ex- 
planationl3 which included quantitative estimates. The 
basic assumption in this model is that for high enough 
densities of the target gas the lifetimes of excited 
ionic states become comparable with the average free 
pat!1 between t.ro collisions. Since excited electrons 
ca:l LX stripped off more easil.y, and since electron 
capture by excited ions may result in subsequent emis- 
sion of an Auger electron, (i) the effective electron 
loss cross section increases and (ii) the effective 
electron capture cross section decreases. Both effects 
shift tile charge distribution to higher charge states 
with a total maximum increase of B -0.2 y. 

Recent investigation of th~~,~~nsity effect have 
not confirmed the above model. In particular, 
conjecture (i) turned out to be less significant than 
anticipated, and the shift of' the mean charge was 
found to be almost constant in the velocity range in- 
vestigated and amounted typically to a-1 (see Fig.3). 

At present, charge changing cross sections and 
atomic lifetimes are not known well enough to allow re- 
liable predictions to be made about the gas densities 
required to produce the maximum density effect. There 
is evidence that the theory13 predicts too short life- 
times for highly ionized excited atoms. For heavy ions 
stripped at energies Yelow I!0 MeV, for example, the 
density effect has been expected to occur at pressures 
above -10 
pressures 

torr, but it has-seen fouqd at mu?h lower 
of the order of 10 to lo- torr.l" These 

findings enhance the usefulness of the effect for 
stripping heavy ions at energies ijelow approximately 
40 MeV. However, the effect is not very lar:;e and on 
the tasis of our present understanding, one cannot ex- 
pect a significant increase of 4 when heavy ions are 
stripped at much higher energies in differentially 
pumped chambers or in transverse vapor Jets which oper- 
ate usually at pressures up to-1 torr. 

Density Effect in Fluorocarbon Strippers 

A very promising alternative for increasing the 
mean charge of ;leavy ions to values above the ones ok- 
tained from dilute or dense gases has been recently de- 
scrilfed.l'f It was found that gaseous fluorocari.on tar- 
gets to some extent show the density effect knorm from 
solids. This is possible because of the large nti;er 
of atoms in such a molecule; a typical example is 
Cg Fig with a mol.ecular :geight of 400. The effect of 
that stripper my tie illustrated for 12 MeV iodine ions: 
the avera;:e equilitrium charge in dilute 02, dense 
O2 (~0.1 torr), C;JFlo and in a formvar foil amounts to 
4.8, 1,.2, .(.6, and 10.5, respectively (see also Fig.2). 
The fluorocarbon stripper is not as effective as a so- 
lid because the molecule is probably not large enough. 
Still, this new kind of stripper is superior to the 
usual rnses in its stripping efficiency. In addition, 
very little vapor is required to produce approximate 
charge state equilibrium. Therefore, a good vacuum 
can be easily maintained in the stripping region, and 

beam losses due to scattering are no worse than with 
the more standard stripping gases and are appreciably 
smaller than in foils. It is also worth noting that 
due to the similarity in the mechanisms for the den- 
sity effect in these large molecules and in foils, one 
should expect that the advantage of fluorocarbon tar- 
gets can be exploited at all ion velocities. 

High Charge State Tails in Equilibrium Distributions 

Most Investigators have studied equilibrium dis- 
tributions for those charge states which showed a rela- 
tive intensity of more thanwO.l$. Only the most in- 
tense charge fractions are generally of practical im- 
portance; it may be useful, however, to know the ahun- 
dance of charge states far above -the mean charge. In 
recent experiments, these smaller fractions in the in- 
tensity range 10-l to lO$% have been systematically 
investi 

!a 
ted for Br, Se, and I ions between 6 and 

18 htev, stripped in gases and solids. It was found 
that the slow decrease of charge fractions for increas- 
ing charge states above the mean extends also to in- 
tensities below 0.1%. For example, 125+ ions have 
been detected with a relative intensity of 2 x 10m5$, 
stripped in xenon at 12 MeV, where the average charge 
is only 5+ (see FIB. 4). It is not fully understood 
why these high charge states are formed with compara- 
tively high intensities. One observes that these 
charge fractions emerge from already very thin targets 
and are slightly scattered off from the forward direc- 
tion. This points to the importance of close collis- 
ions which produce inner shell vacancies followed by 
Auger cascades. 

Charge Changing Cross Sections 

Cross sections for electron capture and loss by 
fast heavy ions in collisions with target atoms are 
being investigated for almost 40 years. Moat of th 
approaches are contained in the treatments by Bohr, f9 
Bohr and 
Nikolaw. ii@ 

dhard,l3 and in the review article by 
In many particular cases useful. results 

have been obtained, but a satisfactory fundamental un- 
derstanding has not yet been achieved. Nevertheless, 
the existing information is complete enough to allow 
rough estimates to be made in most cases of interest. 
For example, a semiempirical model has been developed21 
which predicts cross sections for all ions. The ac- 
curacy of the calculated values is, of course, limited 
because various crude approximations have been applied. 
In particular, cross sections for the loss of several 
electrons in a single collision have been neglected. 
Fig. 5 illustrates that especially in heavy targets 
these events contribute significantly. Fi 
cross sections calculated for iodine ions, 

5i 6 shows 
and Fig. 7 

gives a comparison of total c&ge changing cros5 sec- 
tions with experimental data. 

A question of great practical importance concerns 
the vacuum requirements for heavy ion accelerators. 
When ions collide with the residual gas atoms in a 
vacuum chamber of an accelerator, abrupt changes of the 
ionic charge lead to beam losses or at least to re- 
duced beam quality. The transmission of beam particles 
which do not undergo a charge changing collision can be 
expressed by 

T = N/No = exp (-3.35 x 10160~'ototP dC ), 

where L, P, and dtot denote the total path length in 
cm, the residual gas pressure in torr, and the total 
charge changing cross section in cm2/molecule. With 
the semiempirical cross section model21 mentioned 
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above, it is possible to estimate sufficiently correct 
pressures P which are required to accelerate heavy 
ions with a desired transmission. For example, in or- 
der to accelerate I or U ions to a .'"inal energy of 
*[ !'leV;ann\ witit a trailsmission of '*, a vacuum of 10 

-6 

torr is required in a linear accelerator with a typi- 
cal Len&h of 100 m. In a synchrotron, where the ions 
travel a {:Feater distance for reaching the same high 
energy, a value T;O.y can be attained only for 
P & 10-Y torr. However, since effects of accumulated 
team losses on the performance of accelerating sys- 
tems are not, yet completely predictable, it may be 
disputed how much particle loss one can tolerate due 
to charge chanc;inC processes. It should also be not- 
ed that stat is largest at low ion velocities (see 
Fig. 7) so that the initial st.aCes of acceleration may 
be particularly critical. 

The study of charge changing cross sections, as 
well as of charge state distributions for heavy ions 
is a continuing pro[Fam in many laboratories. There 
is reason to believe that our Fundamental understand- 
inrj of collisions between ener:;etic heavy ions and 
atoms will rapidly improve, p roviding t;le answers to 
many vital questions in this field of ::rowing impor- 
tance. 
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FIG. 1. Average equilibrium charge for iodine ions stripped in gases and solids. 
data from ref. a -[3,5]; b -[g]; c -[7]; d -[g]; e -[6]. Theoretical results from 

1 - (1); 2 - (2); 3a,b - (3a,b); 4.5 - (4b); 6 - (5). 
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Charge State 

FIG. 2. Equilibrium charge distrioutions for 
1%MeV iodine ions, from ref. [8,17]. 
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FIG. 3. Equilibrium charge distributions in 
dilute (0) and dense (A) gases for (a) 4-&v 
chlorine in H (b) l&MeV bromine in F 
(c) 12-MeV lo&e ions in Ar, from ref:25d~Y~]. 
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FIG. 4. Equilibrium charge distributions and high 

charge state tails for 12-t4elr i.odine ions 
from ref.[18]. 

FIG. 5. 

FIG. 6. Calculated charge changing cross sections 
for iodine ions in N 2, from ref.[21]. 
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FIG. 7. Experimental and calculated total charge 
changing cross sections for iodine 8+ 
ions in N2, from ref. a -1211; b -[2Pj. . 
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