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Total electron-loss cross sections and absolute charge-state yields of 20-MeV Fe ions
transmitted through gaseous targets
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Absolute charge-state yields of 20-MeV Fe ions emerging within a large acceptance angle from a
diA'erentially pumped gas cell of length 9.4 cm have been measured using N2, Ar, Kr, Xe, and SP6 targets.
The gas pressures ranged from 2 to 400 mTorr, thereby including target thicknesses where single events
dominate the charge change, as well as target thicknesses where charge-state equilibrium is established.

From the low-pressure yields total cross sections, o.
4 with q = 5—15 were obtained using an improved

version of the initial growth method.

I. INTRODUCTION

In recent years the study of the interaction of
energetic ions with matter has received appreci-
able attention. Of particular interest are the
processes causing the projectile and the target
atoms to change charge. Cross sections for elec-
tron capture and loss for light ions have been re-
ported in detail, ' whereas similar information for
heavy ions is rather sparse. As theoretical at-
tempts to calculate such cross sections have pro-
ven to be extremely difficult, it is important to
obtain extended experimental data, partly because
of practical interest, partly to help clarify our
understanding of the complicated charge-changing
mechanisms.

A comprehensive review by Betz' contains
theoretical and experimental results for total
cross sections and charge-state distributions. In
addition, a number of experiments have been per-
formed to measure differential charge-changing
cross sections in order to obtain information on
the impact-parameter dependence of the electron
capture and loss. ' ' The yield of charge states
emerging from solid and gaseous targets has be-
come important due to the use of stripping tech-
niques in several types of accelerators. As an
example, Moak et a2.' published absolute charge-
state yields of 20-MeV I ions emerging from N„
Ar, Kr, and Xe gas targets.

Here we present measurements of absolute
charge-state yields of 20-MeV Fe ions emerging
from gaseous targets of N„Ar, Kr, Xe, and

SF,. The acceptance angle was large enough so
that essentially all particles entering the target
were analyzed. The pressure ranged from 2 to
400 mTorr, thereby covering both the low-pres-
sure region where single events dominate the

charge change as well as the high-pressure region
where equilibrium conditions are met. From the
low-pressure yields, we have calculated the total
cross sections for loss of one electron and loss
of multiple electrons in a single event, and the
cross sections for loss of the initial charge state,
which in this experiment was+4. The method used
for obtaining the cross sections was an improved
version of the "initial growth" technique.

II. EXPERIMENTAL PROCEDURE

The experimental apparatus was the same as
that used for measurements of absolute charge-
state yields of 20-MeV I ions reported in Ref. 7.
The experimental arrangement was shown in Fig.
1 of that paper, and the apparatus and experimen-
tal procedure were described in detail. For the
present experiment a beam of 20-MeV Fe~ ions
was obtained from the Oak Ridge EN tandem. The
absolute intensity of the incident beam was mea-
sured relative to a monitor, as described in Ref.
7. For this experiment, the ratio of incident
particles per monitor detector count was con-
stant within +3% throughout the experiment. At
pressures below 0.10 Torr of all gases, the sum
over charge states of the yields per incident par-
ticle was 1.0 within the statistical error indicat-
ing that scattering of the beam both before and
after the gas. cell was negligible. The effect of
scattering on the absolute yields at pressures
~0.10 Torr will be discussed in Sec. V.

The detection system consisted of a carefully
aligned magnetic quadrupole lens which was used
to focus ions of a selected charge state into an
electrostatic analyzer followed by a position-sen-
sitive detector. This detector was movable, and
when calibrating the monitor system it was fully
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withdrawn so as to expose the end detector.
During charge-state yield measurements two other
positions were used. With the detector positioned
so as to intercept the beam axis, charges 0 to+11
could be measured. With the detector partly with-
drawn, charges+11 to+15 could be measured.
Because of power supply limitations, the quad-
rupole lens could not focus charge states below
+7. However, at low gas pressures, the scat-
tering in the cell was so small, and the angular
distributions are so peaked forward that aLL Low-
charge-state peaks mere mell resolved and totally
collected, and therefore, these yields could be
measured accurately with the lens set to focus
charge +7. The spectra were very similar to those
shown in Fig. 2 of Ref. 7. Count rates in the po-
sition-sensitive detector were held to -1000
counts/sec so as to minimize spectra distortion
and dead time.

In order to obtain absolute charge-state yields,
the number of particles of a selected and well-
resolved charge state per monitor count was mea-
sured. The product of this number and the ratio
of monitor counts to end detector counts then gave
the desired result.

' For most of the target gases and gas pressures
used in this experiment we found no difference be-
tween the absolute yields obtained using 4- and
8-mrad acceptance angles. In the case of Xe gas,
which contains the heaviest of the target atoms
used here, we observed -10%%uo lower yields using
the 4-mrad aperture for the highest charge states
(+13, +14, and+15). However, as this difference
is so small, we feel confident that the 8-mrad
acceptance angle is sufficiently large to accept
virtually all particles emerging from the gas cell.

The pressure in the beam line was kept below
3 x 10~ Torr except in the immediate neighbor-
hood of the gas cell at the highest cell pressures.
This assured a rather pure beam of charge state
+4 ions. However, with no target gas in the cell,
we found small traces of +5, +6, +7, and higher
charge state ions of 2.2%, 1.0%, 0.8%%uo, and lower
percentages, respectively.

III. DATA TREATMENT

When a beam of ions, originally of charge state
+ 4, is passed through a gas cell containing a tar-
get gas pressure 6, then, in the case that 6 is
small and under ideal experimental conditions,
the absolute yield of ions emerging with charge
state +q (q e4}will be given by

Y = o4 (p+A (P +8 P + ~ ~ ~ .
Here o~, is the total cross section for going from
charge state+4 to charge state+q. The first

term stems from single events and is proportion-
al to the target pressure. The following terms
are due to double, triple, etc. events. For ex-
ample, A, is given by

t

Z o4~o~e o4q Z o4g+ Z ~ca
jA

Our data treament is complicated by the fact
that we observe a yield Y,(P = 0), where P is the
pressure measured in the gas cell, that is dif-
ferent from zero for q4. This is caused by in-
teraction of the primary beam with the residual
gas in the beam line. We correct for the effect
of the residual gas be assuming that it gives the
same yield as an equivalent amount P, of the tar-
get gas situated in the gas cell. Then the yield
observed at the measured pressure P is actually
Y,((P =P+Po). From Eq. (1) we find that

Y (P+ P ) oY (Po)
[ ~ p ]

Y,(P+ po) —Y,(PO) g [p 2p ] (4)

Therefore, when plotting [Y,(P+P,) —Y (p )]/p
as a function of P, we obtain a constant if only
single events play a role, and a straight line with
slope A, if double events are important, too. In
both cases, the left-hand side of Eq. (3) extra-
polates to

for P=O.
Using o4, as a first estimate of o4, we then find

the equivalent residual gas pressure P, from

P =Y,(P )/o', .
Since P, is derived anew for each value of q, it
is the pressure of target gas which is equivalent
to the residual gas for that charge state. There-
fore no. assumption is made about similarity of
cross sections of the target and residual gases.

From Eq. (4) it is seen that a plot of the left-
hand quantity of Eq. (3}as a function of P+ 2P,
will extrapolate to o~, for P+ 2P0=0. Such a plot
is shown in Fig. 1 for ions of charge state+6
emerging from a Kr target:. It is observed that
the experimental points fall on a straight line for
pressures below -15 mTorr, indicating that for
these small pressures triple and higher-order
events are negligible. From the extrapolated val-
ue o~, and the observed yield Y,(P,), a value of

P, =0.5 mTorr was obtained using Eq. (6). This
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. value was then used to find o4,.
In all cases, Pp was found to be small, and the

correction o —o' due to Pp was correspondingly
small. Therefore, no further iterations were
necessary. For all target gases, and for the low-
est c,barge states, P, was found to be close to 0.5
mTorr. However, P, varies with q in such a way
as to decrease with increasing q. This may be
understood by noting that high charge states are
created mainly in collisions vrith small impact
parameters giving large deflections of the ions.
Therefore, in the long beam line preceding the
gas cell, some of the ions which reach high charge
states by interacting with the residual gas are
scattered away from the beam, resulting in rel-
atively lower Y,(P,) and consequently lower P,
values than those found at small q.

For the majority of cases investigated in this
work, the experimental values of P '[Y,(P+P,)
—Y,(P,)] were found to fall on a straight line for
the lowest target gas pressures (-2, -5, and -10
mTorr). This indicates that triple or multiple events
are negligible at those pressures and consequently
that the values of a~, were obtained in a self-
consistent way. However, for SF, target gas and

q &12 and for all charge states for Xe gas the three
low-pressure points did not fall on a straight line.
In those cases where the deviation from a straight
line was small, we extrapolated to P+ 2Pp= 0 using
only the points obtained at -2 and -5 mTorr. This
introduced some uncertainty into the data treat-
ment and this has been indicated by placing pa-
rentheses around the corresponding cross-section
points in the following figures. In cases where the

deviation from a straight line. was significant, no
cross sections were derived. For N, gas, the
experimental uncertainty of the cross section
values v~„q&4, was found tobe -+6%%uo for q&12 and

-+10%%uo for q~ 12. For Ar, Kr, and Xe gas, it is
-+7%% for all charge states, and for SF, it is
-+8%%uo for the charge states ll & q & 14.

Tbe method for obtaining electron-loss sections
used here is an improved version of the simple
initial growth method. T.he drawbacks of the sim-
ple method have been discussed by Datz et al.'
Our improved method eliminated the problems
mentioned there. A similar data treatment has
been used previously by Heinemeier et al.'

The number of ions retaining charge-state 4
when passing through the gas cell decreases with
increasing target pressure. The cross section for
loss of charge state 4, o4,„„is defined as

4g loss 4Q '

It was obtained from the measured absolute yield
of 4+ ions in the following way: From the values
of P, obtained for q&4 we extrapolate to q=4 to
find the proper Pp value. Then, when plotting F4
as a function of P+P, we find that the data points
fall on a straight line on a semilogarithmic plot
according to the equation

Y~ = exp[ —o4 „„(P+P,)] .
From tbe slope of tbe straight line, o4 „88 can be
found. That the method is self-consistent is proven
by the fact that the value of P, found from
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Y', (P,) = exp(-o, „„P,)
coincides with the value extrapolated from the
higher charge states. The experimental uncer-
tainty associated with our measured values of
o~ „„is -+6% for N„Ar, Kr, and Xe, whereas
it is +15% for SF,.

Although we did not measure the yield of par-
ticles with q&4, the capture cross section o43 can,
in principle, be found from the experimental val-
ues of 04, , and 04„q&4, through
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43 4q 4, loss 4q &

q&4 q&4

(10)

since the cross section for double capture, o4„ is
probably very much smaller than o43. However,

043 obtained in this w ay as a difference between
two large numbers, has a substantial uncertainty.
Therefore, only an upper limit of its magnitude
willbe givenhere: For N„Ar, Kr, and Xe, o43
was found to be smaller than 20% of the corres-
ponding value of cd „„.

In Sec. IV we present the cross sections for
electron loss and o4,„,. They were found using
the procedure for data treatment discussed above
as cross sections per molecule in units of re-
ciprocal pressure (mTorr '). However, they
will be presented here as cross sections pew
atom in units of cm'. To convert the experimen-
tal values we divided the cross sections for N,
by 2 and those for SF, by 7, and used tbe formula

X(molecules/cm2) = 3.30 x 10"P(mTorr)L(cm),

where X is the target thickness and I. its effec-
tive length. The temperature was 20 C.

IV. CHARGE-CHANGE CROSS SECTIONS

The cross sections per target atom for loss
of one electron measured in this work for 20-MeV
Fe4' ions are shown in Fig. 2. Their magnitude
is of the order of 1 A', indicating that loss of one
electron can occur in even very weak collisions
in which the distances of closest approach are
around 0.5-~ A. This corresponds to the target
atomic nucleus penetrating only tbe outermost
parts of the Fe-ion electron distribution. Similar
results have been found previously, for example,
by Scott et al. ,' who observed the maximum of the
+5 charge-state fraction for 20-MeV Cl" ions
transmitted through nitrogen gas to appear at a
scattering angle corresponding to an impact para-
meter of 0.3 A.

As can be seen in Fig. 2, the single-electron-

0.5

Np Ar Kr Xe

20 30 40 50 60
TARGE T ATOMIC NUMBER

FIG. 2. Total single-electron-loss cross sections
obtained in this work, compared to the target atomic-
number dependence of the simple Bohr estimate. The
significance of data points in parentheses is discussed
in the text.

loss cross sections measured on noble-gas tar-
gets increase slowly with increasing target atomic-
number. This dependence was predicted by Bohr
in his comprehensive 1948 paper. ' He assumed
that for heavy ions collidjng with heavy atoms,
loss is likely to take place whenever the ion pene-
trates a region of the target atom containing electrons
of orbital velocities comparable to the ion velocity

Considering the radial extension of such elec-
trons, he arrived at the expression

og vg (z~~syz ~s} (7f /g) (12)

where o, is the single-electron-loss cross section,
ao the Bohr radius, v, the Bohr velocity, and Z,
and Z, the atomic numbers of projectile and tar-
get atom, respectively. In Fig. 2 Bohr's result
is shown, normalized to our experimental Kr
point. It reproduces fairly well tbe target atomic-
number dependence of our Ar, Kr, and Xe results,
while the N, point is lower than expected from Eq.
(12). The largest part of the N, difference is prob-
ably due to the fact that tbe Bohr estimate is valid
only for large Z, . For small Z, the cross section
should decrease more rapidly with decreasing tar-
get atomic number than expected from Eq. (12).
However, it should be noted, that the nitrogen
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transmitted through C,H,O were significantly smal-
ler than any possible addition of cross sections for
its components. Betz' discussed the nonadditivity
of molecular charge-exchange cross sections in
his review paper.

The measured total cross sections per target
atom for loss of 1 to 11 electrons in a single col-
lision for 20-MeV Fe~' ions transmitted through
gases of N„SF„Ax, Kr, and Xe are shown in
Fig. 3 as a function of the final charge state, q.
For each of the target gases, the data show the
same trend as a function of q: There is an over-
all rather steep decrease for increasing q, inter. -
rupted by a weaker decrease between q = 6 and
q=8. For the highest q values, the cross sec-
tions follow a nearly exponential decrease with q.
Defining

r, = cr(4, q+ 1)/o(4, q),

1O 4—

2
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we, find that r, (that is the ratio between the double-
and the single-electron-loss cross section) is
-0.5 for all the target gases. Then, for example,
for Kr gas target, r, =x,=r8=0.7, followed by
an abrupt decrease to a value of x,=0.4 for q&8.
Comparing the results for the different gases, it
is observed that the cross sections are smaller,
and the decrease at high-q values is more pro-
nounced, the lighter the target atoms.

, The data of Fig. 3 may be compared to the re-
sults of Moak et al." They measured electron-
loss cross sections for 110-MeV I"' in H„He,
and Ar and for 162-MeV I'" in 0,. The 162-MeV
results show a dependence on q similar to that
observed in this work: the cross sections de-
crease steeply with increasing q, interrupted by

FIG. 3. Total single- and multiple-electron-loss
cross sections, plotted as function of the final charge
state q. The gas cell length was 9.4 cm. The curves
are drawn to guide the eye. The significance of data
points in parentheses is discussed in the text.
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CROSS SECTION FOR LOSS OF CHARGE
STATE FOUR PER TARGET ATOM

target gas is molecular and does not consist of
isolated atoms. Therefore, the experimental N,
result might also be influenced by the molecular
structure. Recently it was found experimentally
that molecular spatial correlation between target
atoms causes a decrease in small-angle single"
and multiple"" scattering as compared to the
case for a dissociated target gas. These effects
were investigated theoretically by Sigmund. "
Evidence for effects stemming from molecular
structure in charge-exchange phenomena has been
found, for example, by Wittkower and Betz,"who
showed that cross sections 0„for 12-MeV I ions

.os

c & 2

b 20 MeV Fe IONS

0.5
0

N2 SF6 Ar Kr Xe

II I I I I

10 20 50 40 50
TARGET M EAN ATOIVI IC NUM BER

60

FIG. 4. Cross sections for loss of charge state 4.
The dashed curve is drawn to show a possible extrapo-
lation of the noble-gas data towards lower atomic num-
ber targets.
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FIG. 5. (a) Absolute yield of 20-MeV Fe ions emerging from a 9.4 cm long gas cell within an acceptance angle of 8
mrad, plotted for each charge state as a function of N2 target gas pressure. (b) Absolute yield of 20-MeV Fe ions
emerging from a 9.4 cm long gas cell within an acceptance angle of 8 mrad, plotted for each charge state as a function
of Ar target gas pressure. (c) Absolute yield of 20-MeV Fe ions emerging from a 9.4 cm long gas ceB within an accep-
tance angle of 8 mrad, plotted for each charge state as a function of Kr target gas pressure. (d) Absolute yield of 20
MeV Fe ions emerging from a 9.4 cm long gas cell within an acceptance angle of 8 mrad, plotted for each charge state
as a function of Xe target gas pressure. (e) Absolute yield of 20-MeV Fe ions emerging from a 9.4 cm Iong gas cell.
within an acceptance angle of 8 mrad, plotted for each charge state as a function of SF6 target gas pressure.



19 TOTAL ELECTRON-LOSS CROSS SECTIONS AND, ABSOLUTE. . . 1035

I I I I I I III I I I I I I III

5 — q=4

q=9e==

I I l ill&

0-i =8
7
9 j—g 11

Yq

5—
12

I . 14

10-4—

5—

14

15

20 MeV Fe IONS

SFg TARGET
(e)—

I I IIIIII I I I IIIIII I I ! IIIII
10 2 5 10 2 5 10 2 5 10

P+ Po (mTorr)

FIG. 5. (Continued)

a relatively slow decline in the region q=18 to
q= 25. For their 110-MeV measurements, the
cross sections are very much smaller for H and

He and they decrease more rapidly with q than
tbe data obtained on Ar atoms. Similar results
have been found by Betz et al."and by Betz and
Wittkower'8 for 15-MeV I ions pa,ssing through
H„He, and 0, gases and by Scott et a/. 'for 20-.
Me7 Cl and I ions incident on N„Ar, and Xe.

Betz' suggested a qualitative expl'anation of the
observed effects. He distinguishes between two
basically different processes for electron loss.
Jn the first, individual electrons are lost via a
direct interaction with the target atoms. There-
fore tbe loss of an individual electron should oc-
cur independently of the presence of other elec-
trons and this mechanism should apply primarily
to the removal of electrons from the outer shells
of the ion (low-q). In the second process, the ion
and the target atoms form a pseudomolecule dur-
ing the collision and, through promotion and level
crossing, the ion emerges after the encounter in
a highly excited and/or ionized state. The fol-
lowing deexcitation may cause Auger processes
which lead to the removal of more electrons. This
mechanism should account for the many-electron-
loss cross sections (high-q) and should be more
important when more electrons are available in

the pseudomolecule. Finally Betz speculates that
both mechanisms might be effective in the region
of intermediate-q values, thereby causing the
relatively weak decrease of the cross sections ob-
served there. This model explains qualitatively
both the q dependence of our observed cross sec-
tions and the dependence on target atomic number.
Especially it accounts for the increasingly steep
decrease of the cross sections at higb-q values
going from the heavy to the light target atoms as
being due to the fact that the light atoms are not
as effective in forming low-lying pseudomolecular
states as are the heavy target atoms.

It should be noted that the model of Betz does
not explicitly involve shell effects in the explana-
tion of the less steep part of the cross-section
curves. Therefore it does not readily explain
the fact that the abrupt change in the slope occurs
at closed shells or subsbells of the ion. In this
work, we find the "shoulder" to appear at q=8 for
Fe ions where the Sp subshell is closed, while
Moak ef al."found it at q= 25, where the I shell
of the I ions investigated in their work is closed.
These shell effects point to a mechanism more
directly related to the ionization potential of the
highly ionized ions.

Multiple electron loss is a highly probable out-
come of heavy-ion-heavy-atom collisions. As
mentioned above, we find the cross section for
double electron loss to be only 5' sm-aller than
tbe single-loss cross section. Furthermore, we
find the total cross section for loss of more than
one electron in one collision

4p q&5 4q
q&5

(14)

to be equal to -1.5 times the single-loss cross
section for the target gases where Eq. (14) can
be calculated, that is, for N„Ar, Kr, and Xe.
A similar result was reported by Moak et al."
for 110-MeV I"+ ions in Ar and by Datz et a$.'
for 13.9- and 25-MeV Br ions in Ar.

The experimental values of the total cross sec-
tions per target atom for loss of charge state 4,
o4 „„,are shown in Fig. 4, plotted versus the
target mean atomic number; As is the case for
e4„04,„,increases slowly with increasing atomic
number for the noble-gas targets. And as in Fig.
3, tbe cross sections obtained on the low Z„
molecular targets seem to be relatively too small
as compared with the trend of the other data. This
may again partly be attributed to effects stemming
from the spatial correlation between the molecular
atoms. This idea is consistent with the fact that
the SF, cross section is smaller than that which
would have been estimated from the other data
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in Fig. 4 since SF, is a larger molecule contain-
ing more atoms than the other target gases.

V. ABSOLUTE CHARGE-STATE YIELDS

Our measurements of absolute charge-state
yields were performed both at the low pressures
important for extraction of charge-change cross
sections and at gas cell pressures where charge-
state equilibrium is established. Such yields mea-
sured across a broad range of pressures are, be-
sides being of basic interest, important to the
design and operation of the gas strippers of large
tandem accelerators.

In Figs. 5(a)—5(e) are shown the experimental,
absolute charge-state yields of 20-MeV Fe~' ions
transmitted through N„Ar, Kr., Xe, and SF,
target gases, respectively. These yields were,
as mentioned above, obtained within an 8-mrad
acceptance angle that included virtually all par-
ticles emerging from the gas cell. However, when

adding the yields F, for each gas, we found that
at the highest target gas pressures, the sum was
smaller than unity. This effect was attributed
to a small broadening of the beam in the gas cell
due to scattering, causing a larger image area
of the focused charge-state beam at the -4 mm
wide position-sensitive detector, and thus in-
complete collection of the ions. At high pres-
sures, the broadening of the ime area is ex-
pected to be approximately the same for all charge
states, and therefore all the yields, obtained at
each of the high pressures where this effect was
seen, were corrected by the same factor so as
to make the sum of the yieMs equal to unity. This
correction was negligible for target pressures
below 50 mTorr and amounted at 200-mTorr pres-
sure to 5% for N„25%-for Ar, 30% for Kr, and

4(P/q for Xe a.nd SF,.
From Figs. 5(a)-5(e) information about the

maximum obtainable yields for each charge state
and target gas may be found, together with the
corresponding optimum pressure. The results
can be compared to similar data measured by
Moak et al. ' for 20-MeV I" ions transmitted
through N„Ar, Kr, and Xe stripper gases.

Further, we can find the most probable charge
of all ions emerging from the gas cell at equil-
ibrium pressure. For the gases used here it is
-8.5. From the review paper by Betz2 (Fig. 5.11)
one finds correspondingly a value of 7.8, while
a value of 8.1 is obtained from the work of Sayer."
The difference between these semiempirical re-
sults and our experimental value may be attributed
to the so-called density effect: If two target gas
cells contain the same target thickness (in mole-
cules/cm') but are of different lengths with cor-
responding different densities, ions passing
through the shorter cell will have, on the average,
less time for deexcitation between collisions and
thereby may emerge with higher average charge
than those which passed through the long gas cell.
For example, Moak et al.' saw a difference in the
most probable charge of one between charge-
state distributions for 20-MeV I ions transmitted
through gas cells of lengths 2 and 9.4 cm, re-
spectively.
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