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Observation of Large Deviations from the Bethe-Bloch Formula for Relativistic Uranium Ious
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By measuring the range deficit of 955-Mev/u 3 U ions in copper, the authors have iden-
tified very 1arge deviations of the stopping power from the standard Bethe-Bloch formula.
'They show that this discrepancy can be accounted for by higher-order terms in the Mott
cross section and by the relativistic Bloch correction. The significance of this result
with regard to two high-energy astrophysics experiments is discussed.

PACS numbers: 29.70.0n

There have been several reports in the past' '
of deviations from the quadratic charge depend-
ence of the Bethe-Bloch formula' for the stopping
power of heavy charged particles in matter. Vari-
ous contributions have been tentatively identified:
(1) At low velocities a Z' correction has been
observed" which is believed to be due to polari-
zation of the atoms of the medium by the projec-
tile. ' (2) At low velocities a Z' correction has
been measured' which is believed to be due to the
finite lateral extent of those electron wave pack-
ets which participate in close collisions with the
projectile" (this is the so-called Bloch correc-
tion). (3) At large velocities a correction to high-
er order in Z has been identified'4 by measuring
range deficits of relativistic heavy nuclei in mat-
ter; these corrections have been explained as a
combination of the Bloch correction' and the Mott
correction' (which increases the energy lost as
a result of the increase of the electron-ion scat-
tering cross section over that determined in the
lowest-order Born approximation).

Unfortunately, there are usually effects which
complicate interpretation of the kinds of experi-
ments referred to above. Accurate information
regarding the average charge state of an ion, its
primary energy, and the nature of its energy-loss
density function are required to extract the funda-
mental dependence of its stopping power on its
charge Z (which we regard here as the rms
charge state of the ion in units of e, the magni-
tude of the electronic charge) For ex.ample, the
observation of unusually large higher-order Z
effects of the stopping power of channeled ions"
has been explained as being due to asymmetric,
Z-dependent, energy straggling. " The possibil-
ity of the other higher-order corrections being
due to unidentified systematic effects has been a
legitimate concern. To take a case in point, the
extraction of stopping-power corrections from
range deficits of heavy ions from the Lawrence

Berkeley Laboratory Bevalac'4 relied on the cal-
ibration of particle energies in the Bevatron ac-
curate to -0.2%. Although the greatest care was
taken in these calculations, "there was no way to
verify their accuracy independently. In this Let-
ter we report the results of an experiment to
measure higher-order corrections which evades
the problem of energy accuracy by increasing the
size of the correction by nearly an order of mag-
nitude. This softens our requirements on the en-
ergy resolution by a similar factor, although we
have maintained our attention to this detail to the
same degree as in earlier experiments.

The technique used to increase the higher-order
effect consists simply of using the most ener-
getic, heavily charged particle beam available.
The capability of the upgraded Bevalac to accel-
erate relativistic uranium" provided us with the
best possible beam for this application. We have
studied the interactions of such a beam of par-
ticles with matter by measuring their range.
This has been done by using copper blocks to de-
grade most of the energy of the "'U nuclei and by
determining the residual range with a stack of
Lexan track etch detectors (each having an aver-
age thickness of 218 pm). The energy of the
uranium beam was calculated to be E =955.7
+2.0 MeV/u by techniques similar to those used
in the past. ' " The amount of material required
to stop the beam was [0.137+0.020 g/cm' Al
(beam window)]+ [0.0426 + 0.0020 g/cm' air (flight
path)]+ [8.3162 +0.0010 g/cm' Cu]+ [2.327 +0.002
g/cm' Lexan]. The range in the Lexan was de-
termined by measuring the stopping positions of
96 particles, which comprise the peak of the stop-
ping distribution shown in Fig. 1. The particles
which populate this peak are predominantly "'U.
Fragments of atomic mass, &, produced via nu-
clear interactions in the upstream matter, will
form broad distributions to the left or right of
this peak if the ratio A/Z' is respectively less
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FIQ. 1. Measured stopping distribution of U ions. 1
sheet = 0.026 g/cm2.

FIQ. 2. Deviation of energies calculated from meas-
ured ranges, from those determined by time-of-flight
methods. Data for 600-MeV/u Ne, Ar, and Fe were
obtained from Ref. 4 while the 955-MeV/u Fe and U

data are from this work. In all cases most of the
range was in Cu. Large deviations from the Bethe
theory are evident for U. See text for details.

or greater than that for "'U. For example, a' 'Pa, fragment produced by the loss of a, single
proton at the front of the Cu would stop -10 sheets
beyond the peak of Fig. 1. The standard devia-
tion of the range histogram is 0.64 sheets which
corresponds to the error in the average stopping
position quoted for Lexan above.

To compare the observed range with various
stopping-power theories we integrated the stop-
ping power to the front of the Al beam pipe win-
dow in order to obtain a theoretical entrance en-
ergy E, which was compared to the measured
energy E . The parameter aE/E is determined
by (E, -E )/E . Rather than integrating from
the projectile stopping position, which would have
yielded questionable results because of the large
uncertainties of stopping power for low-energy
uranium due to electron capture and potentially
very large higher-order corrections, we have
used the measured range for 150-MeV/u "'U
from an earlier experiment" as our start point.
Thus, in the comparisons we discuss below, we
are actually focusing on the energy region from
150 to 956 MeV/u. For our first choice of a mod-
el to determine E, we assumed the relativistic
Bethe expression, ""including the small density-
effect correction. The large-velocity limit of the
shell correction was included by using the adjust-
ed mean ionization potential I&j, which was de-
termined by using shell corrections and recom-
mended values of the mean ionization potential l
given in Ref. 16. The values used for l, dj were
166 +1 eV for Al, 85.4 +1.0 eV for air, 67.0 +1.0

eV for Lexan, and 323 +2 eV for Cu. To compen-
sate for electron capture and loss by the uranium
projectiles we used for Z the effective charge ex-
pression given by Pierce and Blann. " The result
for E, was 903.5 MeV/u. We checked the sensi-
tivity to the choice of effective charge by calcu-
lating E, according to the technique of Barkas
and Berger" and found E, = 903.3 MeV/u, quite
close to the other value. The Pierce and Blann
result, AE/E= —5.5%, is plotted in Fig. 2. For
comparison, the error aE /E =+0.2% is shown
as the dashed lines on either side of b,E/E= 0.
The error bars on the data for U are due to un-
certainties in electron-capture effects. These
are extremely conservative error estimates. For
example, even if the uranium ions were fully
stripped for all energies greater than 150 MeV/
u, the value for 6E/E would shift only from
—5.5% to —4.3%. Errors due to uncertainties in

d j matte r thiekne ss, and angle of incidence
are of the order of 0.2% or less in bE/E. Thus,
unless the beam energy is in error by -5%, 25
times worse than estimated, the demonstration
of deviations from g' dependence is unavoidable.

We have ruled out any possibility of error in
the beam energy accounting for the large value
of IAE/EI, by measuring the range in copper of
iron ions, which were accelerated immediately
after the uranium run under conditions identicaE
to those for uranium. By identical, we mean that
no changes in any of the Bevatron controls were
made so that the field and frequency were literal-
ly identical for both beams. This situation was
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made possible by the similarity of the charge-to-
mass ratios of "'U"' and "Fe"' which were the
charge states accelerated. The only difference
between the beams was a slightly larger velocity
for iron (957.7 MeV/u) due to the slight difference
in the charge-to-mass ratios. The path lengths
of the iron beam were measured to be (0.137
+0.020 g/cm' Al)+ (0.0356+0.0020 g/cm' air)
+ (31.333 s0.003 g/cm' Cu)+ (3.309 a0.004 g/cm'
i,exan). The standard Bethe theory predicted an
entrance energy of 947.3 MeV/u, only 1.1% less
than F. . This discrepancy is shown in Fig. 2 in
comparison with earlier measurements. ' For
example the b, E/E result for 600 MeV/u Fe was
earlier observed to be —1.2%. When corrected
for the various higher-order corrections (the
Bloch' and Mott' corrections being the most im-
portant), aE/E becomes +0.3% for the present
Fe experiment and —0.1% for the earlier Fe ex-
periment. These values are completely consis-
tent with estimates of beam-energy errors,
which suggests that the Bevatron staff is quite
capable of calculating beam energies to the stated
accuracy and that there have been no substantial
problems introduced in this regard by the dis-
mantling and reassembly of the Bevatron to insert
the vacuum liner.

To account for the large deviations observed in
the uranium range we have chosen to calculate F,
in two additional ways: (1) by ignoring all Bloch
corrections and assuming only the Mott correc-
tion; (2) by using all corrections (Mott, Bloch,
and relativistic Bloch). In both cases, the Mott
correction has been evaluated exactly from the
tables of Mott cross sections calculated by Dog-
gett and Spencer. " The Bloch corrections have
been calculated according to the technique of Ref.
8. It should be noted that this employs relativistic
electron wave functions valid only to the third
Born approximation so that the results are less
reliable than those for the Mott corrections. In
accordance with Ref. 8 we have chosen 0, (the
electron center-of-mass scattering angle above
which the free, unlocalized electron approxima-
tion is valid) to be 0.1 rad. The results of these
calculations are shown in Fig. 2. The errors
presented for the uranium data are dominated by
electron-capture uncertainties described previ-
ously. Additional errors are possible in the
Bloch correction due to both the uncertainty in
the third Born approximation and also uncer-
tainties in 6,. If these latter uncertainties are
as large as 30/o, as indicated in Ref. 8, the er-
ror bars for the point labeled "all corrections"
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for U would increase to -+2%. Using only the
Mott correction we obtain a value for E, of
1003.9 MeV/u, 5/0 larger than E whereas by us-
ing all corrections we obtain E, =952.8 MeV/u,
only 0.3% smaller than E . By ignoring the Bloch
corrections and using only Mott corrections we
would be as much in error had we used no higher-
order corrections at all.

The results presented here have an important
impact on some experiments either already done
or to be done involving the study of energetic nu-
clei in the cosmic rays. Binns et a/. "have re-
cently published the results of their HEAQ-3 ex-
periment to study actinide abundance in the cos-
mic rays. Their analysis was based on the as-
sumption of a strict g' dependence of Cherenkov
radiation and of gas ionization. However, it has
been shown" that if stopping power is modified
by the Mott corrections, charge shifts in the
HEAQ-3 data of up to several charge units in the
important platinum-lead region are possible. Qur
results indicate that the Bloch corrections sig-
nificantly soften this effect for relativistic ultra-
heavy nuclei and such large corrections may not
be required.

The demonstration of the validity of the Mott
and Bloch corrections to the Bethe theory is also
important with regard to an experiment which is
now being built to search for heavy antinuclei in.
the cosmic rays. " This experiment relies on the
charge asymmetry of the Mott correction to
identify antinuclei by their reduced scintillation
signal compared with nuclei having the same ve-
locity. The agreement between experiment and
theory over the entire periodic table strongly sup-
ports the premise of the proposed experiment
and indicates that the calculations of antinucleus
sensitivity for nuclei of lower charge (Z s28)
presented in Ref. 22 are valid.
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the Bevalac staff in obtaining our heavy-ion ex-
posures. We thank T. E. Coan and M. Solarz for
assistance. This work was supported by the U. S.
Department of Energy under Contract No. W-
7505-ENG-48.
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