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abstract
We have chan~eled 405 MeV/nucleon uranium ions in Si single crystals to determine
the electron impact ionization cross section for U88 +, U89 +, U90+, U9 1+ (berylliumlike hydrogenlike uranium) by 222 keV electrons. No other technique exists for making
these measuremen ts.

PACS numbers: 34.80.Kw, 61.80.Mk, 29.70.Gn, 29.25.Fb

In this letter we report a novel application of channeling: the measurement of
electron impact ionization cross sections for few-electron (relativistic) uranium ions.
Until now there has been no way to make such measurements, which require, in addition to the very high charge state ions, a dense electron gas of known thickness.
We obtai:p. very high charge state uranium ions from the Lawrence Berkeley
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Laboratory's Bevalac and a dense electron gas of known thickness by channeling 1,2 the
uranium ions through a Si single crystal. In the single crystal the atoms are arranged in
a periodic structure with "channels" along which there are no nuclei. Ions traveling in
these channels make only large impact parameter collisions with the distant Si nuclei
and thus do not acquire enough energy to ionize their tightly bound electrons.
For each 'combination of ion and crystal, there is a maximum transverse energy
beyond which the ion will be deflected out of the channel. For few-electron uranium at
405 Me V / nucleon, this transverse energy is reached when the angle between the ions
and the crystal axi.s is about 0.01 degrees. In our measurements, the necessary small
transverse energy is achieved by collimating the uranium ions with circular apertures of
0.30 cm and 0.15cm in diameter separated by 10.6 meters (C2 and C3 respectively, in
Fig. 1). This defines a maximum beam divergence half-angle of 0.21 mR (0.012 deg.)
from an initial emittance of ~ 2.51rcm-mR horizontal and ~ 3.751rcm-mR vertical.
This collimation decreases the beam intensity by about a factor of 5000 and yields an
average count rate of one channeled ion per second.

In our experiment we use 405 MeV/nucleon uranium. Seen in the rest frame of
the uranium, the electrons in the crystal have an energy of 222 keV. (The binding
energy of UgH is ~ 133 keV.) We measure ionization cross sections of incident charge
states from hydrogenlike UgH through berylliumlike U88+. These charge states (and
,bare UgH) are prepared by stripping U40 + ions at the exit of the Bevalac and magnetically separating the resulting charge states (Fig. 1). The ions lose roughly 2
MeV/nucleon energy in the stripper. The ions are then collimated and channeled along
the < 110> axis of a 0.11 mm thick or a 0.37 mm thick Si single crystal. We use thick
crystals because the charge changing cross sections are very small at relativistic energies.
With thick crystals we can ignore the effects of small layers of dirt, oxides and
disoriented atoms on the crystal surface.
Each crystal's <110> axis is determined relative to its surface normal by Rutherford backscattering of 2 MeV He++ ions and/or by x-ray diffraction. The surface normal is aligned with the collimators in the beam line by retro.,reflection through the collimators C2 and C3 in Fig. 1. The goniometer used to position the crystals is computer
controlled and is geared to permit motions as small as 0.004 mR (0.00023 deg.).
After the ions exit the Si crystal, the resultant ion charge states are again magnetically analyzed (M4 in Fig. 1) and then detected' by a position-sensitive proportional
counter. The raw data for determining the cross section for each incident charge state
is the relative charge state fractions of the ions exiting the crystals.
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At 405 MeV/nucleon the cross section for ionizing uranium ions in collisions with
Si nuclei is much larger than for ionizing uranium ions in collisions with electrons. The
purpose of channeling the ions is to reduce or eliminate collisions with the Si nuclei. As
we rotate the < 110> ax:is of the Si crystal into alignment with the beam, allowing the
uranium ions to channel, we observe a clramatic change in the charge state distribution
of the ions exiting the crystal. Figure 2(a) shows that the percentage of incident U89 +
ions which exits the 0.11 mm thick Si crystal, without changing charge state increases
from about 7% to 50% as the < 110> axis of the crystal is rotated into alignment with
the beam. Figure 2(b) shows similar data for U89 + passing through the 0.37 mm Si crystal. Large differences between charge state distributions for channeled and unchanneled heavy ions have previously been measured by other investigators2- 4 • Figures
3(a,b) compare the charge state distributions at the exit of a 0.37 mm thick crystal for
incident U89+ ions traversing the crystal in. a random direction 3(a) and along the
< 110> axis' 3(b). Figures 3(a,b) also show that the U89 + and U90+ exiting the crystal
have lost less energy when they channel in the crystal than when they traverse the crystal in a random direction. This reduction in the energy loss is the usual signature for
channeling of heavy ions.
Even if an ion has small transverse energy and is aligned with the crystal axis it
may not channel if, for example, it enters the crystal too close to a row of nuclei. Ions
which do not chann~l present a large background of ionization from ion-atom collisions
and we subtract them from our measurement. Because of the much larger ionization
probability for ions in the random direction in the crystal, we assume that all ions which
lose several electrons have failed to channel. Thus in Fig. 3b, the ~l+ and U92 + come
from U89 + ions which did not cha;nnel.

,,.

Comparing the fractions of ~l+ in 3a and 3b, we find that 80% of the U 89 +
aligned with the < 110> axis channeled in the 0.37 mm thick crystal. Including all of
our measurements using incident ions of U88 +, U89 +, and ~o+ we find that 79 ± 2 percent of the incident ions aligned with the < 110> axis channel in the 0.37 mm thick Si
crystal and 38 ± 2 percent channel in the 0.11 mm thick crystal. We think that the
smaller channeling fraction for the 0.11 mm crystal is the result of the thinner crystal
being bent in its mount more than the thicker crystal. This is also reflected in a much
wider acceptance angle for the 0.11 mm thick crystal (Fig. 3[a]) than for the 0;37 mm
thick crystal (Fig. 3[b]). An attempt to cha:~mel in an even thinner (0.06 mm), more
easily bent Si single crY!'?tal was unsucce!,?sful.
Previous experiments3 ,4 have measured differences in ionization for channeled and
unchanneled ions and have obtained total charge changing cross sections 4 for oxygen
ions channeled in Au. Ours is the first experiment to measure the electron density seen
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along the path of the channeled ions, allowing us to extract cross sections for electron
impact ionization.
We measure the electron density integrated along the paths of the channeled ions
by comparing a cross section for electron capture by the channeled ions with a previously measured9 capture cross section for ions in the random direction. What makes
this comparison possible is that the only capture process involved in either case is radiative electron capture (REC), which to a good approximation, involves only the electrons
in the target (and not the target nucleus) and thus scales linearly with the electron density. (REC is the process in which a free or loosely bound electron is captured by the
ion with the simultaneous emission of a photon.) For relativistic ions in low atomic
number (Z) targets, REC has been shown to be the dominant electron capture mechanism, both for channeled ions 5 and for ions in random directions (amorphous materials),
. where cross sections have been measured6-9 and agree with theory6-9.
The production of U88 + by REC from the incident U89+ can be seen in Fig. 3b
(but not easily in Fig. 3a because of competition from the large ionization cross sections). Comparing capture using incident charge 'states U89 + we find the average
electron density in the < 110> channel to be 0.44 ± 0.01 of the electron density in the
bulk material - roughly 6.2 electrons per Si nucleus. The quoted uncertainty is only statistical and does not reflect the much larger systematic uncertainties in our measurements and in the measurements in Ref. 9.

u:2+

Our electron impact ionization cross sections for hydrogenlike U9H - berylliumlike U 88 + by 222 keY electrons are listed in Table I and are compared with theory. We
obtain cross sections by a least squares fit of (capture and ionization) cross sections to
the curves of charge state yield versus target thickness. We estimate the uncertainty in
the cross sections to be a f!1ctor of two (50% smaller to 100% larger), due to systematic
uncertainties in combining a large number of measurements made ~ith only two target
thicknesses, uncertainties in determining the channeling fractions, other possible effects
not included in our analysis, uncertainties in capture cross sections, and uncertainties in
the limits of the validity of our approximations.
Our cross sections for ionization of U9H - U88 + by 222 keV electrons are compared to calculations of K-shell and L-shell ionization by Scofield lO , Younger ll - 13 , and
Lotz l 4, and L-shell ionization by Pindzola and Buie 15 . Our U90 + and U9H (K-shell)
cross sections of 3.9 barns and 11.0 barns (Table I), determined to a factor of two, are ;
not in agreement with the K-shell ionization cross sections extrapolated from Scofield lO
or with the calculations of Younger ll- 13 , or with the formula of Lotz14. We do not think
that ionization of excited states, populated by electron excitation, makes a significant

•
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contribution to our measured tJ91+ or U90 + cross sections. This is because the mean' free
time between ionizing collisions (~ 10-12 s) is much longer tha..n the radiative lifetime of
all of the low-lying states of U9H and U90 + except the 1s2s3p 0 state of U90 +, which is
not easily populated 16 •
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To compare our experimental results with calculations of L-shell cross sections
(Table 1.), we subtract our U90 + cross section of 11.0 barns from our measured ionization
cross section of 27.0 barns for U89 + (one L-shell electron) and 42.0 barns for U 88 + (two
L-shell electrons). Our L-shell results are not sufficiently accurate to distinguish
between the different calculations 10- 15 •
In summary, we have measured electron impact ionization cross sections for
hydrogenlike U9H - berylliumlike U88 + by 222 keV electrons by channeling the uranium
through 0.11 mm and 0.37 mm Si single crystals. We determined the electron density in
the channel and the fraction of ions which channel from our measured charge state distributions. Our hydrogenlike uranium and heliuinlike uranium electron impact ionization cross sections are not in good agreement with theory. Our technique can be applied
to other ions including those of interest for magnetic fusion.
We thank Paul Luke and Jack Walton for preparing the crystals, Joseph Jaklevic, Steve Withrow and Ray Zuhr for assistance and advice in crystal pre-alignment,
George Kalnins for accurately calculating the beam optics, Richard Leres for data
acquisition software support and Lynette Levy for editorial assistance. We especially
thank the operators, staff and management of the Bevalac for making experiments with
relativistic uranium possible. This work was supported by the Director, Office of
Energy Research: Office of Basic Energy Sciences, Chemical Sciences Division; and Office
of High Energy and Nuclear Physics, Nuclear Science Division, U.S. Department of
Energy under Contract No. DE-AC-03-76SF00098 (LBL); and the Office of High Energy
and Nuclear Physics, Nuclear Science Division of the U.S. Department of Energy under
Contract DE-AC05-840R21400 with Martin Marietta Energy Systems Inc. (ORNL).
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Table I. Electron Impact ionization Cross Sections (barns)
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1]91+
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3.9

1.5

O.sc

0.7

1]90+

1s2

11.0

3.0,

I.7 d

1.4

(U89+) - (U9O+)

2s

16.0

13.0

29.0

9.4c

12.0

(U88+) _ (U9O+)

2s2

31.0

26.0

57.0

19.5e

24.0

(a) extrapolated from Ref. 15.
(b) extrapolated from Ref. 10.
(c) from Ref. II.
(d) from Ref. 12.
(e) from Ref. 13.
(0 from Ref. 14.
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FIG. 1 - Diagram of the beam line and apparatus. M1 - M4 are dipole
bending magnets and C1 - C3 are collimators. Six quadrupole doublets used for
focusing are not shown. The spacing of the components along the beam line is to
scale but everything else is schematic. 407 Mev/nucleon U 40 + from the Bevalac is
stripped at S and the resulting charge states are analyzed by Ml. C1 selects a
single uranium charge state and C2 and C3 collimate the beam to achieve the
0.21 mR beam dive!"gence at the silicon crystal (XTL). After the beam passes
through the crystal XTL, the resultant charge states are analyzed by M4 and
detected by a position sensitive detector (D). Downstream of each collimator,
which can be removed, a two dimensional position sensitive detector can be
inserted to monitor positioning and focusing of the beam. Additional detectors,
used in aligning and focusing the beam, can be inserted at S, between M2 and
M3, between C2 and C3, and after XTL.
FIG. 2(a,b) - Rocking curve showing the fraction of U89 + observed surviving passage through the 0.11 mm Si crystal (2a) and the 0.37 mm Si crystal (2b)
as a function of angle between the uranium ions and the < 110> axis. The
expected channeling half-angle (including thermal vibrations), calculated from the
formulas in Ref. 1 is 0.011 degrees (0.19 mR). The half-angle in Fig. 2(a) is 0.025
degrees, possibly due to the crystal being bent in its mount. The channeling
half-angle of the central peak in Fig. 2(b) is 0.011 degrees, consistent with the.
predicted value. The high fraction of U89 + at larger angles may be due to planar
channeling effects. When this crystal was moved to a fully random orientation
the U89 + fraction was less than 2% (Fig. 3[a]).
FIG. 3(a,b) - Observed charge state distributions from 405 MeV/nucleon
U + exiting the 0.37 mm thick Si single crystal. In 3(a) the ions pass through a
random direction of the crystal. In 3(b) the ions are aligned with the < 110>
axis of the crystal. Approximately 80% of the ions in Fig. 3(b) have channeled.
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