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Abstract: The paper presents the ca- 
lculation results of ion charge exchange for 
lithium, boron, nitrogen, end neon in nitro- 
gen end carbon for l-200 MeV/nucleon energi- 

2. Calculation of charge exchange 
cross aecti on8 

These results have been used for eatima- 
Calculations of the cross sections of 

tT;n of the lifetimes of beam in interaction 
loss of electron loss by hydrogen-like ions 

with the internal target during the experi- 
for the case of ion collision with gaseous ni- 

ment, for estimation of losses from collisi- 
trogen were carried out in the Born approxima- 

ona with molecules of the residual gas in ac- 
tion (PWBA). The nitrogen has been chosen as 

celeraiion, and for choice of the thickness 
the moat probable component of the residual 

for the stripper in charge exchange injecti- 
gas. Besides there are experimental data on 

on for the cooler being designed for IAE. 
it, which can be used for comparison with the 
calculation. 
for uaing the 

The analysis of the possibility 

I. Introduction 
Born approxi9imation in calculati- 

ona of the cross sections of one-electron pa- 

The I.V.Kurchatov Institute of Atomic 
rticle ionization has revealed that this ap- 

Energy in collaboration with the Nuclear Phy- 
proximation is valid in the velooity range 

sits Institute (Novosibirsk) are engaged in 
2ZtVo (where Zt=7 is the nuclear charge of me- 

development of a cooler/l/with the injector- 
dium atoms). The difference between the expe- 

cyclotron being operated at IAE /2/The para- 
rimental cross sections obtained in the mole- 

meters of the external beem of the cyclotron, 
cular nitrogen and the calculation results for 

such as energy, charge, pulse current of abo- 
the atomic target does not exceed 2%. 

ut 7 ms duration, microbunch intensity with 
In the limiting case of high velocities 

a duration of several ns shown in Table I, 
v >3zV, the expression for cross sections 

are sufficient for use of charge exchange in- 
f&q* 5 ' has the form: 

jection which is simple enough for applicati- 
on in practice and enables the acceptance of 
the storage ring to be reduced, thus provi- 
ding high l.iminosity under certair, conditions, 

Table 1 - Parameters of the external ion 
beam of the IAE cyclotron 

Ion 

&‘A,& 6.5 4.1 6.5 8.2 6.2 3.8 

Ipulse, A 100 100 100 30 20 IO 

"1; x lo" 30 15 15 4 3 0.5 

One of the main reasons for beam losses 
is charge exchange in the stripper material 
in injection on the residual gas molecules in 
acceleration and on the internal target mole- 
cules in the experiment. The latter process 
reduces the lower energy of the nuclei accu- 
mulated, which may be used for experiments 
with the internal target. The beam lifetime 
can be increased using the multicharge work 
where the dispersion function end its deriva- 
tive is close to zero. But then the aperture 
of the storage ring must be appreciably in- 
creased, particularly, in work with light 
ions of the lithium-type for which the rela- 
tive change in the charge is large. Therefo- 
re this way is not suitable for the 1A.E co- 
oler. It is important to calculate the opti- 
mal thickness of the stripper. On the one 
hand, it must be sufficient for stripping the 
largest part of ions injected out of the cy- 
clotron, on the other hand, it must be as li- 
ttle as possible so that the emittance of the 
beam accumulated during the injection be not 
increased. 

tion results. 
As follows from the comparison of the ex- 

perimental results the cross sections of ele- 
ctron loss by hydrogen-like ions in gaseous 
carbon are lower 
for the 3 MeV/n C t+ 

y about 25% than in nitrogen 
ions considered in 

The similar value of reduction in the d 
3,5/. 

cross sections in carbon as compared wi"tz%it- 
rogen also follows from (1). 

Considering the process of fast ion cha- 
rge exchange in the medium it should be born 
i; mind two main mechanisms of electron ca - 
zs; ~~f~~k,~n~he velocity region Ve: 10~0 

electron capture occurs 
due to the Coulomb interaction between the 
fast ion (nucleus) and the medium atom. The 
basic regularities of the electron capture 
cross section ere described qualitatively cor- 
rectly in the simplest quantum mechanics Op- 
penheimer-Brinkman-Kramers (OBK) approximati- 
on /6/ in which the interaction of incident 
osrticle with medium atom electrons are onlv I -~ - 
taken into account. The cross section C;-,,,..,' 
changes with, the increasing ion velocity 
f&,3-, r-’ “2$&k (or - ,.-“1 

However in this nearly relativistic region of 
velocities the process of radiation electron 
capture (the process reverse to the photoef- 
feet) Is more essential. The electron capture 
cross section decreases with increasing v 
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much more weakly and proportionally to the 
number of electrons in the medium atom, i.e. 
is proportional to Zt. 

The analysia of the experimental data 
has revealed that in the light media (Zt= 
=4-7) the radiation capture will domi!ate in 
the region V7101Ocm/s (i.e. at E>lO MeV/n). 

The calculations of cross sections in 
nitrogen were based&on the binding between 
the cross sections &C1Zr+i for the nuclei and 
the cross sections Cj&(,&+) for protons in the 
same medium, found experimentally and theo- 
retically /7/. 

for Li3' B'+ N7' and Ne" in Nf depending 
on E. 1; acc:rdanoe with (2) re atively 
light nuclei (Li, B) capture t$e electron in 
to the ground state Is and 3 ,, hzSwhile 
hz;;ier nuclei (N,Nf) - into'thhr-'excited 

. . iT-*;i,,- 7 . The experimen- 
tal dkti gor nitrigen nuclei N7+ in cellulo- 
id /8/ and nitrogen /4/ agree well with the 
calculation results. 

3. Beam losses because of charge exchange 
by the residual gas 

Solving the differential equation of 
ion losses in the process of acceleration 
and the experiment with the internal target 
because of charge exchange by the residual 
gas molecules (assuming that its basis is 
N2) the expression for the fraction of lost 
ions can be obtained: 

1‘ ii) 7 
_I 

whereJ' is the pressure, torr; P=g f ['at 
is the totai &large exchange cross section 
i.e. the sum of the cross sections of elect- 
ron loss and capture, cm*/,, t is the ti- 
me, 9. 

The calculations carried out taking in- 
to account the dependences shown in Figs.1 
snd 2 for the chosen mode of ion accelerati- 
on in the cooler for a time of Is, internal 
target experiment time Is and residual gas 
pressure 1G'gtorr ,'l/ have shown that the 
chosen method of charge exchange injection 
these losses are negligible (4 1%). If not 
charge exchange injection had been chosen 
and ions having the charge they had in the 
cyclotron were accelerated, the losses would 
have been too large. 

4. Beam lifetime because of charge exchange 
by the internal target mOleCUleS 

In the cooler designs it is often plan- 
ned to perform physical experiments with the 
internal target within a wide range of ener- 
gies of ions accumulated. The charge exchsn- 
ge cross section increases strongly with de- 
crease in the ion energy, therefore, on a 
significant energy reduction losses may re- 
ach an inadmissible value. As an illustrati- 
on Fig.3 presents the lifetimes of different 
nuclei (Li, B, N, and Ne) in the IAE cooler 
in interaction with the n+trogen tyget whe- 
re the atom density is IO 4atom/cm , calcu- 
lated using the data of Fig.l. (by the life- 
time the time, at which the beem intensity 
reduces byetimes, ia meant). It is seen 
from Fig.3 that the lowest energy for neon 

nuclei is 20 MeV/n, for nitrogen - 15 MeV/n, 
boron - 10 MeV/n and lithium 5 MeV/n. With 
increase in Ztarget the charge exchange cross 
section increases for the above energies of 
the nuclei more than proportionally-to the 
number of the medium element and, hence, the 
value of the lowest energy adrniasible for the 
experiment increases. For example in the ca- 
se of the lead target (Z b/Z@" 12j for the 
above mentioned nuclei tRe rmnimum energies 
have to be increased more than by a factor 
of 2. Otherwise the beam intenaity will be es- 
sentially lower (more than by an order of ma- 
gnetude). 

5. Calculation of the equilibrium stripper 
thickness 

The stripper is supposed to be made of 
carbon film. The main feature of the soli 
strippers is a high medium density 
atom/cm*) . 

(-102 !3 
Therefore the excited ions produ- 

ced as a result of electron capture and ex- 
citation are not ailowed to relax into the 
ground state by emitting photons or Auger 
electrons. This means that for the ion beam 
to be in equilibrium upon its passing through 
the solid target the equilibrium both in 
charges and in excited states has to be es- 
tablished /9/. In this case the process char- 
ged particle passing through the substance 
is described by a set of balance equations: 

LY’S<~,I _ --.. _ - 9 ‘c;- 6 
&c/i I,, - L,i, * ‘/ : -4 ,>I :;;, _ , ,;> A,, 

(3) 
where ‘in is the relative number of ions 
with charge i in n' excited state,C='knf in is 
the cross section of ion transformatioA from 
the nf excited state with charge IX into the 
n excited state with charge i. The number of 
states entering the equation system (3) was 
determined from the condition that the exci- 
ted ion cennot capture the electron into the 
excited state with the dimensions exceeding 
an average distance of about 2.6,10-Scm bet- 
ween atoms in the carbon stripper and was 
changed from 9 for lithium ions, 20 for nit- 
rogen ions and 35 for neon ions; The values 
of the cross sections of electron losses were 
obtained from the dependence of these cross 
sections on their binding enerffy and those of 
the electron capture cross sections were de- 
termined in the OB3 approximation and normalf- 
eed to the total cross-section of electron 
capture. 

The calculations of the equilibrium thi- 
cknesses have revealed that in the low ion 
energy region, EsO.1 MeV/n the equilibrium 
thicknesses in the solid target are much hi- 
gher than for gaseous media. In particular, 
for nitrogen ions at E = 0.1 IAeV/n the equi- 
librium thickness of the carbon stripper is 
by an order of magnitude higher than that in 
the gaseous nitrogen target; With increase in 
the ion enerw E due to increased likelihood 
of electron Gpture into the ion ground state 
this difference decreases and at ErlO AJeV/n 
the T values for ions with Z-'7 do not prac- 
tically depend on the aggregate state of the 
substsnce. 

Fig.4 presents the minimum thicknesses < 
of the carbon stripper where the Li, B, N and 
Ne ion beam contains $'* = 0.9 ions having lost 
all their electrons. The values '& -0.9 

"sitd reached in the thictiess region T,~1.6.10 
~1.6 atom/cm* (the energy value E is expres- 
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sed in MeV/n). In the increase of ion ener- 
gy E the carbon stripper thickness also inc- 
reases. In the high velocity limit when two 
charge components, PE-1 of hydrogen-like 
ions and of nuclei only remain in the ion 
beam the value of TZ is found from: 

(4) 

posed to use a carbon striuwer 100 
s p- 
3 fi,k”/cm 

in thickness, which should- provide i in’ strip 
ping up to oxygen at an efficiency of 99%. 
The charge exchange injection of heavier 
ions (including neon) in the 1A.E cooler is 
very doubtful. 
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Fig.1. Dependence of the cross sec- 
tion of loss of the last electron on the 
energy in nitrogen for 7Li2+, “B4+, 
14N6+ 20Ne3+ . The circles denote 
the e$perimentZYLl.ues /3,4/. 
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Fig.2. Dependence of the electron captu- 
re cross section on the enerR?i ir. nitrogen 
for qi3+, 3iB5+, 141i7+, 20&io nuclei. The 
circles decr;te the experimental data /4/. 
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Fig.3. Dependence of the beam lifetime 
tr (intensities decreased by E times) on the 
energy of Li, B, N, and Ne nuclei circula- 
ting through a 104 atom/cm2 thick target 
(nitrogen). For the IAE cooler the time al- 
lowed for experiment is Te=lsec. 
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Fig.4. Dependence of the minimum stri 

B4+, N!+, Ne9+ 
thickn sa for complete stropping of Li 3P”” 

ions (the dashed line sho& 
stri 
circ E 

ping up to <=90$ and 6T =99%&). The 
es denote the experimental data. 


