PHYSICAL REVIEW A VOLUME 55, NUMBER 2 FEBRUARY 1997
lonization of Au 8% and electron capture by Au’®* at 10.8 GeV/nucleon
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We have measured the cross sections for ionizating one-electréfi Zand the total cross sections for
electron capture by bare A% at 10.8 GeV/nucleon in C, Al, Cu, Ag, and Au targets. We made the mea-
surement by magnetically separating the charge states and measuring the fractioff'olfua function of
target thickness for each element. In contrast to the results reported by Westphal etuybleRev. Lett71,
1160(1993], our ionization measurements agree with the calculation of Anholt and Bfekgs. Rev. A36,
4628(1987]. Our capture cross-section measurements are in agreement with theory for those targets where
radiative electron capture is the dominant capture pro¢&€4€50-294{@7)50402-1

PACS numbses): 34.50.Fa, 34.80.Lx, 34.98q

Recently Westphal and He] have reported a measure- sections, only two charge statésu 8" and Au’®") need to
ment of the cross section for ionizating one-electron®u  be considered. We obtained cross sections for ionization of
at an energy of 10.8 GeV/nucleon. Their measured ionizatioru 8" and capture by AP by fitting the data for each
cross section, the first for heavy ions in the energy rangearget element with
above 1 GeV/nucleon, is one-half the cross section calcu-
lated by Anholt and Beckei2]. This is surprising because fog= 0l (oet o) [1—e (Tt aix], @
effects that can lead to discrepancies between ionization
theory and measurement are expected to decrease with iwherefgis the fraction of AU®" ions, o is the total cap-
creasing collision enerdgy8]. Furthermore, at lower energies, ture cross section in barns; is the ionization cross section
ionization theory, when not in agreement with measuredn barns, and is the target thickness in atoms/barn. In this
cross section generally underestimates the cross sddfjon method, the capture cross section is determined primarily by

To resolve this disagreement we measured the ionizatiothe thin target data, and the ratio of the capture cross section
cross section for A(F" (one-electron Au at 10.8 GeV/ to the ionization cross section is determined by the equilib-
nucleon in C g,=6), Al (Z,=13), Cu @,=29), Ag rium fraction of Au’®" in the thickest targets. The equilib-
(2,=47), and Au g,=79) targets. We used magnetic sepa-rium fraction of Au’®" ranged from 6<10 2 for a 356-
ration to analyze the A{f* and Au®* charge states emerg- mg/cm? carbon target to 6810 4 for a 46-mg/cn? gold
ing from the targets, and determined the Al ionization  target.
cross sections and the AU capture cross sections by mea-  An incident beam of pure A" was assured by trans-
suring the fraction of AG®" as a function of target thickness porting the ions through a beamline with a windowless
for each element4,). This direct and traditional method has 20.5° bend upstream of our apparatus, and by maintaining
been reliably used for similar measurements at lower eneithe portion of the beamline after the bend under high
gies[4]. By comparison, Westphal and He measured meawacuum. The separated charge stdfesnm separation at a
free paths of AU (and Au’®") ions, using barium phos-
phate glass as target and dete¢idr Both experiments were me-a['. L S U —

[ |

performed at the Brookhaven National Laboratory’s alternat-
ing gradient synchrotrotAGS) accelerator. The energy of L a
10.8 GeV/nucleon corresponds to a Lorentz fagtaf 12.6. - I

We performed our measurement in two complementary
ways. In the first, we passed a beam of pure’&uthrough
a target and measured the fraction of At as a function of
target thickness. These data are shown for aluminum targets
in the lower curve of Fig. 1. The data were analyzed using
the method described by Bdtz], which is very simple for a .
system where, due to the small size of the capture cross
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*Present address: Fesnel Technologies, Inc., 101 W. 0 '50' - ‘100' '150' '200
Morningside Dr., Fort Worth, TX 76110. Electronic address: aluminum target thickness (mg/cm?)
nclaytor@onramp.net

"Mail stop 71-259. Electronic address: abelkacem@Ibl.gov FIG. 1. Fraction of Ad®" as a function of aluminum target

*Mail stop 71-259. Electronic address: dinneen@Ibl.gov thickness. The lower graph shows the fraction of"&ufrom a

$Mail stop 80-101. Electronic address: b_feinberg@Ibl.gov beam of initially pure Ad®*. The upper graph shows the fraction of

IMail stop 71-259. Electronic address: gould@Ibl.gov Au78 from a beam initially of 0.58% A{F* (and 99.42% A@®).
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TABLE I. Cross sections for 10.8-GeV/nucleon Au.

lonization of Au’8" Electron capture by AR"

Experiment Theory Experiment Theory
Z (barns (barng (barns (barng
6 310.0(30) 310.0 1.8(0.20 1.62
13 1180.0(90) 1280.0 3.900.40 3.67
29 5260.0(500 5800.0 7.2(1.7) 9.0
47 162.00.01400 14400.0 16.11.5 16.8
79 38200.0(3200 38800.0 28.63.0 43.3

%Referencd?2].
bReference$8—14); see text.

horizontal focus of 1-2 minwere detected by scintillator- 7% from the uncertainty in the measured target thickness and
photomultiplier tube detectors arranged vertically to keep thehe uncertainty from the fitting of the cross sections to the
phototubes and light guides out of any spray of beam fragelata.
ments. The spillover of A(?" onto the AU®" detector, de- The target thicknesses were measured by weighing or, for
termined by measuring the apparent &l yield with no  the thick targets, by mechanical measurement. In addition,
target, depended upon the width of the scintillator and thehe thin targets were also measured by comparing the energy
quality of the beam tune, and ranged fromk10 % to  loss of 5.8 MeVa particles from a C#*° source with energy-
5x 10 “ of the Au’®*. This background was accounted for loss tableg6].
in our data analysis. Our results for ionization, shown in Table | and Fig. 1,

A beam is extracted from the AGS by changing its mo-agree with Anholt and Beckd®] for every target element
mentum by roughly 0.5%. This can sweep the position of themeasured, and therefore will also agree with theory for any
beam many centimeters. The change in momentum of theombination of target elemenién the range ofZ,=6 to
beam over the approximately one second spill was partiallyz,=78). Theory includes a small correction for the screening
compensated for by ramping the magnetic field of several 0bf the target nucleus by the target electrons. For 10.8 GeV/
the bending magnets in our beam line. In addition, by thenucleon Au, the screening correction scales roughI)Zt]é%
proper choice of location and focal length of focusing mag-and reaches 21% fat,=79. Figure 2 shows the theory with
nets in our beamline, we were able to obtain a horizontahnd without the screening correction. Our data support a
focus at our detectors and a horizontal and vertical focus neajcreening correction of this size adg dependence.
the targets, with zero dispersion at both of these locations Results for the total cross section for electron capture by
relative to the exit of the AGS. This combination of magnetAu®* are shown in Table | and Fig. 3. Three processes
ramping and beam optics made our experiment insensitive tgontribute to the total cross section: radiative electron cap-
changes in the beam momentum. ture (REC), nonradiative capturéNRC), and capture from

In the second method we placed a 184-mdfdirick car-  pair production[3]. REC is the capture of a target electron
bon target in the AG®* beam to produce a beam of approxi- by an ion with the simultaneous emission of a photon. NRC
mately 0.6% AU®" and 99.4% AUJ®'. Then, using addi-
tional, higherz, targets, we measured the fraction of Al
as a function of target thickness for Al, Cu, Ag, and Au. Data
taken using this method are shown for aluminum targets in
the upper curve of Fig. 1. In this complementary measure-
ment, the AU®" ionization cross section is determined pri-
marily by the thin target data, and the ratio of the capture
cross section to the ionization cross section is determined by
the equilibrium fraction of Ad®" in the thickest targets.

reduced ionization cross section (barns)

These data were also analyzed using the method described

by Betz [5], which gives a slightly different result for the -

Au’®" fraction when the incident beam contains both oL ]
Au’8" and Au’®". We obtained cross sections for ionization [

of Au’®" and capture by A’" by fitting the data for each ok . ]
target element with ; T T

%
fog=0. /(o4 o)[1—e (TctoX]4 se=(octox (2
7= 0/ (Tt ol ] @ FIG. 2. Measured A" ionization cross sectiofpoints com-

) o ) — pared to theory. Thélower) solid line is theory with screening
wheres is the incident fraction of A(P* and the other sym-  corrections; théuppei broken line is theory without screening cor-

bols are as before. The two methods give the same crosactions. The cross sections have been dividedZpy Z,. The
sectiongfor Al, Cu, Ag, and Au targejsto within our stated factor of Z, arises from ionization of the projectile by target elec-
uncertainties in Table I. The combined uncertainties includerons.
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FIG. 3. Measured total Alf" capture cross sectiofpointy
compared to the suntsolid line) of radiative electron capture
(dashed ling capture from pair productiofdotted ling, and non-
radiative electron capturghain line.

is the radiationless capture of an electron initially bound to

target atom, with momentum and energy being conserved b
changes in the motion of the target and projectile. Capture
from pair production is the process in which an electron
positron pair is produced by the strong transient electroma
netic field of a relativistic atomic collision and the electron

emerges from the collision bound to the ipf.
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the AuK shell, obtained from Ref.10] and adding 20% to
account for capture into the higher shells.

The NRC cross sections, for A% (on hydrogenlike
ions), which scale roughly a&> are taken from the tables of
Ichiharaet al.[11] and scaled from 10-GeV/nucleon to 10.8-
GeV/nucleon using the formulas of Eichldr2]. The capture
from the pair-production cross section at 10.8 GeV/nucleon
is assumed to scale & and we use a theoretical cross
section of 10.6 barns for a Au target. This is an average of
the values calculated in Refsl3] and[14].

Theory and experiment show that for A at 10.8 GeV/
nucleon Au, REC is the dominant capture process for all but
the highesk, target elements, and our experiment is in good
agreement with theory in the region where REC is the domi-
nant capture process. A possible disagreement with theory is
seen for capture from a gold target where NRC and capture
from pair production are significant. Analysis of a separate
experiment, which measures capture from pair production, is
underway.

In conclusion, we have measured the ionization cross sec-
tion for Au”®" and capture cross sections for At at 10.8
GeV/nucleon. In contrast to Westphal and H4, our ion-
Ization cross sections all agree with the calculation of Anholt
And Becker{2]. We have shown that capture theory is in
good agreement with experiment in the region where REC is
the dominant capture mechanism.
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