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We report equilibrium charge state distributions of uranium at energies

of 962 MeV/nucleon, 437 MeV/nucleon and 200 MeV/nucleon in low Z and
high Z targets and the cross sections for U%* & U8+ ang U8+ 2 U9+ at
962 MeV/nucleon and 437 MeV/nucleon. Equilibrium thickness Cu tar-_
gets produce ® 5% bare US2* at 200 MeV/nucleon and 85% U%* at 962
MéV/nucleon.

A knowledge of charge changing cross sections is essential for
the design of accelerators and storage rings for relativistic very
heavy ions and for heavy ion inertial fusion. For accelerator design
the cross section for electron capture by bare nuclei sets the max-
imum allowable pressure for beam survival in a storage ring. While
the electron capture and ionization cross sections determine the
energy needed to strip to bare nuclei, as well as the appropriate
target to achieve the maximum stripping with the minimum



energy straggling. In heavy ion inertial fusion the rate of energy
deposition in the target will depend very strongly Upcn the charge
state of the heavy ion. The charge state, initially very low to allow
focusing of the beam, will change continuously as the ion
penetrates the target. The energy deposition profile can be calcu-
lated 'only if the charge state distribution is known at each point in

‘the target. This is povssible if the capture and loss cross sections
“are understood. Relativistic charge changing cross sections are

~also necessary to interpret cosmic ray datal. Here, particles are
identified by their rate of energy loss in'materials, which depends
“upon the cosmic-ray charge state. For very heavy cosmic rays, the
nucle1 are not always bare. ‘

In our experiments, charge changing cross sections are deter- '

mlned by least squares fits of capture and loss cross sections to

" curves of charge state populations versus target thickness. The

distributions are measured (Fig. 1) by magnetically analyzing the
uranium ions after they pass through"ia target. After analysis the
the separated charge states are detected by a position-sensitive
proportional counter located about 10 meters downstream from
the magnetic spectrometer. At the pr‘oportlonal counter, ‘the
separation between adjacent uranium charge states is about 1 cm
and the convolution of the beam-width and the position-resolution
of the proportional counter is about 0.2 ¢m full-width at hali-
maximurm. ' '

Relativistic U+ jons are obtained from the Lawrence Berkeley
Laboratory’s Bevalac? - a heavy ion linear accelerator (Super-HILAC)
and a synchrotron (Bevatron) operating in tandem. To reach these

energles, the uranium ions are accelerated in five separate stages

~and stripped at the end of the second, third and fourth stages.

The equilibrium charge state distributions for <200

‘MeV/nucleon uranium (Fig. 2) were determined by substituting tar-
gets of increasing thickness until no change in.the charge state dis-
tribution was observed. The equilibrium charge state distributions
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for 437 MeV/nucleon and 962 MeV/nucleon uranium (Fig. 3) were
determined from the ratios of capture and ionization cross sec-
tions. This is a potentially more accurate method because it avoids
the problem of the beam slowing down or scattering in thick tar-
gets and uses data from many targets. We estimate the uncer-
tainty in determining the the equilibrium distributions, mostly due
to statistics and a small background, to be less than 5 percent of
the total counts. At each of the three energies we observed all of
the intermediate charge states from U+ to U%?* as the target thick-
ness was increased.

The absolute cross sections for 437 MeV/nucleon and 962
MeV/nucleon uranium, shown in Figures 4 and 5, and first reported
in Ref.3 have an estimated error of a factor of two. The error is
relatively large because only a few targets were used to cover a
large range of target thicknesses. Fig. 4 shows the experimental

. cross section for ionization of U+ and U®i+ at 437 MeV/nucleon and

962 MeV/nucleon as a function of target atomic number (Z;). To
compare with theory we make use of the Bethe theory* for energy
loss in matter. At high energies, the projectile looses energy by
exciting and ionizing the target electrons. For ionization of the
projectile, we simply reverse the role of the target and projectile
and consider only transitions to the continuum. The cross section
(0;) for ionization of Usgo+8i+ is:

R e B

where q4 is the Bohr radius of hydrogen, « is the fine structure con-
stant, By is is the K-shell binding energy in units of Rydbergs, Z7 is
the target atomic number and fx is a constant times the oscillator
strength for transitions from the K shell to the continuum: fg =
0.29 and 0.58 for U+ and U%+* respectively. The theory predicts a Z#
dependence of the cross section which is consistent with the exper-
imental data in Fig. 4. Absolute values are also in agreement with
experiment as our present level of accuracy.



~ Fig. 5 shows the experimental cross sections for capture of an
electron by U+ and U®* at energies of 962 MeV/nucleon and 437
MeV/nucleon for different targets. Relativistic uranium' captures
-electrons by radiative electron capture (REC) arid by charge
exchange. REC is the inverse process of photoionization and in the
the limit of high energy the ratio of the REC cross section to the
photo—ionization ‘cross section  approaches one” At 200
- MeV/nucleon the ratio.is 0.46. The energy of the emitted photon is
equal to the (K shell) binding energy plus the k'.ifnetic enef‘gy of an .
electron seen in the rest frame of the uranium. For 962
MeV/nucleon and 437'MeV/nuclebn this corresponds to photons of
0.66 MeV and 0.37 MeV respectively. The.photoioniz'ation'cross‘sec?
tions for uranium at these energies_ are ® 25 b and 90 b respec-
tivelys. Multiplying by the number of electrons in the target atom,
vwevobtain values of oz for Us2* shown in Fig. 4. ogzge for Ui+ is about
half as large. | | ' '

The second proce‘ss‘for electron capture is nonradiative
charge. exchange®. Relativistic cross sections for capture of an
electi"on by a bare nuclei from a multi electron target have not yet
been calculated. Calculatiovnse.fcf)r h'ydrogenli’ke targets however
show that compared with REC, the cross sections for charge
exchange decrease more rapidly with increasing eri-ergy and .
decreasing target Z. | ' |

The data in Fig. 5 are consistent with REC being the domihant
capture mechanism for low Z; targets. At low Z; the data is fit by
the calculated REC cross sections and is in agreement with the
uranium K shell REC cross sections measured at 422 MeV/nucleon
by Anholt et al?. For high Z;, the experimental cross sections are in
excess of the REC cross section. The excess is larger at the lower
energy and we attribute it to the contribution from charge
exchange which scales as a high powers of Z;. The ionization cross
section (Eq. 1) scales as = Z#, and the REC cross section scales only
- as 7. '
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The consequence of these scalings is that in the high energy
region, where charge exchange is small and REC dominates, higher
average charge states will be observed for high Z, targets because
the ionization cross section grows faster with Z; than does the REC

cross section. At low energies, where charge exchange dominates,

the charge exchange cross section grows faster with Z; than the
ionization cross section and higher average charge states are pro-
duced from low Z; targets. At intermediate energies the highest
average charge states would then come from targets of intermedi-
ate Zy.

This behavior is observed in the charge state distributions in
Fig.'s 2,3. At 982 MeV/nucleon, Ta (Z, = 73) gives a slightly higher
average charge state than Cu (Z; = 29) and a much higher average
charge state than mylar. At 437 MeV/nucleon Cu gives the highest
average charge state - substantially higher than mylar or Ta. At
200 MeV/nucleon, howevef, mylar is almost as eﬁectivve a stripper
as Cuand Al (Z; = 13) is a slightly better stripper.

Our measurements show that bare uranium can be produced
at energies of from as low as 200 MeV/nucleon (5% yield), and with
a yield of 50% at 400 MeV/nucleon and 85% at 1 GeV/nucleon.
Beams with ~ 40% hydrogenlike U?* or 60% heliumlike U%+ can be
produced. This makes it possible to perform spectroscopic meas-
urements to test quantum electrodynamics using U%* and U+, At
very high 7 the higher order terms in the self energy are the dom-
inant QED contribution to the energy levels.

The REC cross sections measured here indicate that at an
energy of 1 GeV/nucleon, the mean time for electron capture by
bare U%* in a storage ring with a vacuum of 10-!® Torr N, is over 1/2
day. The mean survival time for U%* at this pressure would be
several hours.

We thank Dr. Jose Alonso, Mr. Ismael Flores, and Mr. Douglas
MacDonald for their assistance in setting up the experiment and



analyzing the data; We especially thank the operators and staff of
the Bevalac whose skill and dedication made this experiment possi-
ble. This work was supported by the Director, Office of Energy
Research: Office of Basic Energy Sciences, Chemical Sciences Divi-
sion; and in part by the Office of High Energy and Nuclear Physics,
Nuclear Science Division, of the U.S. Department of Energy under
Contract No. DE-AC-03- 76SF00098. One of us (H.C.) is supported by
the National AeronautiCS'énd-Space Administration. .
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FIGURES
Figu're 1. Schematic diagram of the appafatus

Figure 2. - Charge state distributions of uranium at 200
. MeV/nucleon for equilibr‘ium thicknesses targets of mylar (Zr~6.8),
Al (Zy =13), Cu (Z7 =R9), and Ag (Z7 =47).

Figure 3. - Charge state distributions of uranium at energies
of 962 MeV/nucleon and 437 MeV/nucleon for equilibrium
thicknesses targets of mylar (Z,~6.6), Cu (Z, =29), and Ta (Zr =73).

Figure 4. - Cross sections for ionization of U®* and U®* at
energiesv of 962 MeV/nucleon and 437 MeV/nucleon as a function of
7,. Experimental points are for mylar (Z, ~ 6.6), Cu (Zr =29), and Ta
(Zr 57-8). The continuous curves are the ionization cross sections
calculated from Eq(1) for U%!* (upper curve) and U+ (lower curve).

Figure 5. - Cross sections for éa‘pture of an electron by Use+
“and Ust+ at'ener‘-gies of 962 MeV/nucleon and 437 MeV/nucleon as a
function of Zy. Experimental points are for mylar (Z;~ 6.68), Cu (Z;
=29), and Ta (Zy =73). ogee for Us?+ from theory, is shown as the

continuous curve.
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