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Electron capture and ionization of 33-TeV Pb ions in gas targets
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We have measured the total cross sections for electron capture by §areid?is and for the ionization of
hydrogenlike PB*(1s) ions at 158 GeV/A,y=168, in Ar, Kr, and Xe gas targets. At this energy, the total
capture cross sections are dominated by electron capture from pair production. The capture measurements are
compared with the results of several theoretical calculations and with similar measurements made with solid
targets. The P8 (1s) ionization cross sections obtained, which are substantially lower than those measured in
solids, agree well with recent calculations that predict saturation at high energies from target screening effects.
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Interactions involving heavy ions in the ultrarelativistic nates the capture cross sectiphd]. In those measurements,
regime (>10 GeV/amuy, where the relevant physics is best performed using 33-TeV Pb ions and a variety of thin solid
described in terms of the Lorentz factgr are currently a targets, it was shown that ions formed in excited states
frontier in high-energy atomic collision physig$]. Theoret-  should be increasingly ionized inside targets as the tatget
ical descriptions of electron-capture and ionization processescreases. Now we report capture and ionization cross sec-
have been challenging in this regime because interactions dibns measured for 33-TeV P ions in gas targets, where
high-Z projectile and target specigsvhere Za=0.5 are essentially all exciteal states formed either directly in the
strong enough at small impact parameters and large  capture processes or in secondary collisional excitation rap-
potentially invalidate perturbation treatments. Numerous theidly decay to the % state between collisions. The ground-
oretical methods for treating these processes using quantustate PB'"(1s) ions have the highest probability for survival
electrodynamics in the ultrarelativistic regime now existin the gas cell; they=1 state ionization cross section being
[1-17). ~1/4 of that for then=2 state. Under our conditions, mea-

An ultrarelativistic ion can capture an electron via threesured capture cross sections are expected to exceed those
mechanisms(i) radiative electron captu@®REC), (i) nonra-  obtained in solids; the effective capture cross section
diative capturgNRC), and (iii) electron capture frone™ e~ summed over ground and excited states should be
pair production(ECPB, in which thee*e™ pair is produced ~1.30(1s) for any Z; [9]. In addition, it is expected that
by the intense electromagnetic pulse that arises when thige effective electron-loss rates measured will yield the ion-
projectile ion passes near a target nucleus. At high energiegation cross sections for the ground statg(1s).
capture cross sectionSrgec, Onre, and ogcpp, SCale The development of new relativistic ion colliders such as
roughly as~Zy/y, ~Z:°/y, and ~Z:?Iny, respectively, the Relativistic Heavy-lon CollidefRHIC) at Brookhaven
where Z; is the target atomic numbgR]. Each process is National Laboratory or the Large Hadron Collid&HC) at
expected to exhibit approximately the same dependence d®ERN[2,8,15,16 has spurred interest in obtaining accurate
the projectile atomic number, i.eZps. Also, each capture electron capture and loss cross sections at high engisgh
process is predicted to have about the same fractional coithat beam lifetimes can be accurately predicted. The cross
tribution in excitedn states of the projectile~n~3, wheren  section for the ECPP process is of practical interest to col-
is the principal quantum numberThe REC and NRC lider designers because the lower charge-state projectiles
mechanisms, which dominate below the ultrarelativistic repproduced are lost from the beam circulating in a ring. A
gime [12,13, become insignificant compared to ECPP for significant loss rate of these ions by ECPP and also by elec-
heavy targets whem>100. Cross sections for ionization are tromagnetic nuclear loss processes limits the ion storage
several orders of magnitude larger than those for capture, artime. These machines will operate at an effectivef 2.3
thus limit the yield of one-electron ions obtainable in capturex 10* and 1.7 10°, respectively. Fory above ~100,
channels. The measurements reported here test theoretieatp=A In(y)+B, whereA and B are independent of to
predictions for capture and loss cross sections by heavy ionsithin higher orders of 3 [4]. Total electron capture and
at the highest energy reported to di2e-11]. loss measurements were reported by Clatoal. [12] for

Previously, we reported important direct electron capturey=12.6-Au ions, but the ECPP mechanism is not prominent
and loss measurements for very heavy ions in the ultrarelaat this low y, and simple Inf) scaling is not expected to be
tivistic regime (y=168), where thergcppmechanism domi-  valid.
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FIG. 1. Simplified diagram of the experimen-
tal setup.

CERN SPS o5 Z (I
BEAM ——»——@—u—lﬂ]]]]]]]]]]] DIPOLE MAGNETS

N 7,
T DIPOLE MAGNETS )

TELEPHONE LINE
TAX T T
COLLIMATOR REMOTE CONTROL

CONTROL ROOM

COMPUTER

Total capture and ionization cross sections were measuragr |ocated ahead of our beamline. The®®Pbbeam at the
using the 33-TeV Pb beam at the CERN Super Proton Synarget gas cell was also monitored during the capture experi-
chrotron (SPS. The experimental arrangement is shownments using a rotating thin plastic scintillator that sampled
schematically in Fig. 1. The BY beam exiting the SPS the beam(duty factor ~7.6% [17]. Data acquisition and
traversed abdib m of air andpassed through a thin vacuum control for the rotating scintillator and gas cell located in the
window (100.um Al) as it entered the evacuated beamline.CERN beam tunnel were controlled remotely by telephone
In one set of measurements called the “capture experiment,¢onnection between two Macintosh computers.
collimated®*®PK#*" ions were mass and charge-state selected Experimental data illustrating the growth of the®®bion
at the first magnetic bend and traveled®00 m in vacuum fraction vs Xe target thicknes&capture experiment} are
(~10 mTorp before impinging on a 2.4-m-long gas cell with shown in Fig. 2a). Data illustrating the loss of the P ion
thin Mylar windows. A second magnetic bend and collima-fraction vs Xe target thicknes§‘ionization experiment’)
tor, located~100 m beyond the gas cell, were set to transmitare shown in Fig. @). These raw data, corrected for an
all 2P ions leaving the cell. The ion intensity at the end experimentally determined 9.5% ionization loss in each thin
of the 800-m-long beamline was measured as a function ohylar window, were used to determine the effective cross
gas pressure using coincidence signals from fast scintillatorgections for captured,) and loss ¢;) processes. Because
The same setup was used in a second set of measuremeptsis orders of magnitude smaller than, only two charge
called the “ionization experiment,” except that the full stategPH1* and PB%") need to be considered and solutions
beamline was tuned to transmiffPE!" ions, so that surviv- 1o the coupled differential equations describing charge-state
ing one-electron ions were measured. The incidengyolution as a function of gas target thickness reduce to
PIP'*(1s) ions were formed by electron capture prior to en-simple analytical forms. The cross sections were determined
tering the evacuated linfe-1.65< 10~ %X (PF* intensity).  for capture by P¥* and the ionization of PB* by fitting

At 10-mTorr pressure, the background gas thickness in th@ata obtained in the “capture experimert®ig. 2@)] using
beamline was low enough to limit collisional loss of the

P ions to less than-1% before magnetic analysis and F(8)=Fefl—exd — (ot optliexd —ont], (1)
detection.

The gas cell consisted of modified high-vacuum pneuwhereF (81) is the fraction of surviving P&* ions, o is the
matic valvegwith 50-um-thick mylar entrance and exit win- total capture cross sectiom; is the total ionization cross
dows separated by beam pigith an effective length of section,o, is the total cross section for beam loss by nuclear
2.352 m. The pressure of target gases introduced into theeactions(all in cn), t is the target thicknesgtoms/crf),
cell (maximum pressures of 300, 80, and 70 Torr for Ar, Kr, and Feq=loc/(oc+0i)] is the equilibrium PB'* charge-
and Xe, respectivelywas controlled by a gas manifold with state fraction. Ther, used for Ar, Kr, and Xe are 9.2, 19.9,
a vacuum pump using an array of solenoid valves; the valveand 34.4 b, respectively; these are interpolated values based
and cell windows were remotely controlled by a Macintoshon fits to measurements made previously for a variety of
computer located at the cell. Pressure in the cell, monitoredlemental solid targefd.8]. In the “ionization experiment”
on two capacitance manometer gaugBaratron 100- and [Fig. 2(b)], the surviving fraction of PB™ ions is given by
1000um full scale, was measured absolutely to within
+0.1% of full scale. The gas density in the cell could be F(81):{[1—Feq]exr[—(o'c+ gi)t]+|:eq}ex|c[—gnt]_
calculated from the pressure readings without loss of preci- 2)
sion by knowing the cell temperature, which was measured
by two calibrated thermistor&-0.1 °C) that were mounted Here, the slope of the exponential fit to the survival charge
in thermal contact with the cell. The 10Qdn gauge was fraction yieldso;+ o directly. The nuclear loss term in Egs.
calibrated absolutely against a precision barometer at aifl) and (2) was found to be an insignificant correction for
pressure before the experiments were perforned.01%9. each gas.

The PB?" ion beam came in 5-sec spills Electron-capture cross sections obtained from fits to data
(~10°ions/spill) every 20 sec from the CERN SPS. Thein the “capture experiment” using this two-state model have
PB*2* beam intensity was measured on a CERN beam monieontributions from one-electron ions formed in all possible
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0.002 TABLE I. Measured cross sections for electron capture and ion-
ization by 33-TeV Pb ions in gas targets.
Pb82* + Xe a) |

Capture lonization
Tioniz (KD)
Target Z; ocadb) oecpdb)  Cap. expt.  loniz. expt.

0.0014 i Ar 18 29 2502 188013 197014
Kr 3 101  9.4:07 6.80:048 7.38:0.52
Xe 54 207 19.414 155-11 157 1.1

F(81)

J A dipole-allowed transition rates for Pg(2p—1s) and for
0.000 / decay from h_igher excited states are much faster than the
0 <100 4x102 621020  2s—1s transition rate[e.g., A(2p— 1s)=2.245< 10'9s]

. [21]. More than 99% of the € population formed in capture
decays to the 4 state without being ionized in secondary
collisions for most of our gas target conditions because the
2s decay rate is orders of magnitude faster than the colli-
sional ionization loss rate. In the worst case, Xe, at the high-
est gas pressure, usif@ssumingo;(Z7)~Z7%, and o*
~n?ci(1s)] the 2s radiative decay to 4, is still 98.6%
[Noj=0.14/cm, wheren=2 and N=2.28<10"%cm’ at a
cell pressure of 70 Tofr Therefore the two-state approxima-
tion discussed above and used to analyze gas data gives the
capture cross section summed over all final states andghe 1
ionization cross section, independent of the actialistri-
butions formed in the capture process. We have also verified
0.001 ' ' ' . ‘ ' _ this cpnclusion by addir_1g collisional excitat_ion process chan-
1020 4x10%° nels in model calculations that track excited-state popula-

Target Thickness (atom/cm? ) tions in solutions ofn-state fully coupled differential equa-
tions.

FIG. 2. (a) Fraction of one-electron P ions vs Xe target The experimental capture and ionization cross sections for
thickness measured in the “capture experiment.” The solid curve iseach target species are listed in Table I. The overall uncer-
the growth curveEq. (1)] calculated using the cross sectioms  tainty of about+7% includes fitting(statistical errors and
ando; obtained via a least-squares fitting proceddbg.Logarith-  estimated systematic uncertainties. Each measured total cap-
mic plot of the surviving fraction of PB™(1s) ions versus Xe ture cross sectiond,) is the sum of three processas,

target thtlc:<nes_s|_tr)n_eaSL;redt_|n the |on|§tat|otn g);perlmentﬁ Tlhe zj-: Oeepst Orect onre. Subtracting calculated valugg] of
penmental equilibrium Iraction was sub’racted from each vaiue _e-UNRC (which amount to less than 2%nd fitted values of
fore fitting, thus the slope yields; essentially. The least-squares fit

to the data is shown orec from the total capture cross section for each target gas
' yields the ogcpp values listed in Table I. The fitted REC
final states. Calculations for photon impact pair productioncross sections were derived from an analysis of experimental
with capture using relativistic Coulomb scattering std@s data for measured total capture cross sections in Be, C, Al,
predict that excited ion states will contribute30% to the Cu, Sr, and AJ22]. These experimental REC cross sections
total cross sections afgcpp, When additional contributions are~20% larger than the calculated REC cross secti@hs
from 2p and higher states are includédn2 distribution.  but the difference has little effect on the-cpp, especially
Excited ns metastable states are favored over the muchor heavy gases.
shorter livednp excited statege.g., for &, the predicted Three theoretical values fergcppare available. The per-
fraction is ~70% of the overall excited-state contributjon turbative estimate of Anholt and Becke?] (with screening
Similar predictions have been made by Bdl&. The 2 is given in tables for each projectile and target. The nonper-
state, populated directly or from cascade contributions fronturbative calculation of Bottcher and Strayl&], obtained
highernl states, decays in the projectile frame with the ratespecifically for capture to d at y=168 for the Pb-Au sys-
A(2s)=5.521x 10'¥s (sum for the magnetic dipoleM1, tem, by solving the time-dependent Dirac equation, yielded
and simultaneous two-photon electric dipoleE12 decay ogcpp(18)=50b. The nonperturbative calculations of Baltz
mode$ [19-20. Correcting for time dilatation in the labo- et al. [8] yielded ogcpp (15)=46b. In comparisons to be
ratory frame, this slow & decay rate translates to a decay discussed, thergcpp have been scaled to each target gas
length of ~1 mm in the laboratory framéinverse decay according to[Z+?+ Z1], as recommended by Anholt and
length= A(2s)/[ yc] of 10.95 /cnj. The X-state decay rate Becker(Z? dependence with an “antiscreening” correction
is the rate limiting step for all excited-state decay, becauséor Z; independent electrops

1.0004

0.100

F(81)

0.0104
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0.014 —— r r . — - T tion, because excited states decay sdo&fore ionization can
| @] occur. The older predictions of Anholt and Becker, which are

- 0.012 BOTTCHE\R'S YER about a factor of 2 larger than our measurements, are also

L go10f cmrmmmmmmmmememetemesseoeooeoe i shown. Seensen[11] has pointed out that whem>5, the
* ECPP BALTZ maximum effective impact parameter for thedependent

N 0.008} I \ ] o .

+ 0.008T % s 9_ ] term of o; used by Anholt and Becker, is limited by atomic
“Nn- oo008F ...+ ! § R target electron screening. When the maximum adiabatic dis-
> : N ; tance for producing ionization via the time-dependent pulse

©°0004F A  REC FIT ANHOLT-BECKER - in the collision (used by Anholt and Beckerexceeds the

0.002 [ ) smaller Thomas-Fermi screening radius, then the latter must
el Lope A be used as an upper impact-parameter cutoff. This correction
. . ' s S T due to screening leads to “saturation” of the ionization cross
ool ~ ¢ T T T T T section fory>5. Strensen also suggested other ways for
_— ANHOLT-BECKER (b) | improving the theoreticab; estimates beyond the approxi-

g %0 T - mations he has used. These improvements have not yet been
X 90100 T ] implemented in the calculations.

T 1 0 ] The excellent agreement of ionization cross sections ob-

N o008l - = ) ) o - ; o )

4 0.8l @ ﬁ d I A tained in our two independent experimergsg., “‘capture
”N+ 0.006L i _________________ B ] vs “ionization” gas target experimerjt_salso suggests tha’g
< = [ i/ """"" ] the capture cross sections are not seriously flawed. The ion-

g 0004 . ization cross sections would not agree, for example, if the

i SORENSEN CIC _ A _
0.002L ] transmission functions for Bb™ and P5?" beams were dif-
0.000 ferent; the PB* transmission is needed to derive the equi-

: 0 10 20 30 20 50 60 70 &0 I|br|2u+m fractlo_n,(-rC ar_wdoi from captu.re expe.rmjen'Fs, but the.
PE2* transmission is not needed in the ionization experi-

TARGET ATOMIC NUMBER Z, ment.

Comparing gas and solid results in the “ionization” ex-

and PB'* electron capture and ionizatiofa) electron-capture cross IPeecrtlir;r/]eer:i)rz?zratgcr)%ez:sroosfscgg]cgi%rr?sﬁ ! svc\)lﬁ dﬂ ?:r tre“tist t:ree ea&)ou t
sections for gas targe(®) and solid target$O) compared with 250 | han i Di e f 9 I f -
calculations for ECPP. REC fit data&, A) indicate contributions 5% argerlf an in gas. Direct eXC|t_at|on ora sma _ractlon
from REC that have been subtracted from the total capture to obtaiﬂ]c the PB_ (1s) bea,m _to fc,)rm (j,'pOIe'allowemp f'na!
the ECPP valuesb) Measured ionization cross sections comparedStates, Wh'(_:h can be ionized in solid targets, can ??(pla'n the
with theory.[(®, O) and (M, OJ) indicate measurements from the 9as-solid difference foZ=18 and above. Competition be-
“Cap’[ure experiment” and the “ionization experiment,” respec- tween I’adiative decay and ionization rates Of the eXCited State
tively.] in solids and no competition in gas targets again explains the
difference. The mean-free path for radiative decay of
Comparisons of experimental and theoretioglcpp are PP (2p) ions formed is 2.310 *cm in the laboratory
presented as functions & in Fig. 3(a@ with all cross sec- frame. In Sn Z+=50), for example, the mean-free path for
tions normalized toZ+2+Z+). We note exceptionally good ionization of 2p ions is 610~ * cm [assuming that the |2
agreement between experiment argichlculations by Baltz  ionization cross section is#(1s)]. Therefore about 30% of
et al. and Anholt and Becker. We note that the measuredhe ions excited to the 2 state are ionized in the Sn target
oecpp are nearly equal to the calculated cross sections fobefore decay to 4. Essentially all of the & ions formed are
capture to the PB™(1s) ground state alone, i.e530%  also ionized in Sn.
lower than predictions for capture to all final states. We also The equilibrium fractions,F¢(81)=0o./(o.+a;), ob-
note that the electron-capture cross sections in the gas targeétsned in the “capture” analysis are 1.440 3 1.37
are approximately the same as would be interpolated fromx 10 3, and 1.3% 10 2 for Ar, Kr, and Xe, respectively.
our previously measured results in solid-elemental target$hese are slightly lower than the equilibrium value for air
[14]. This equivalence is unexpected because capture frofi~1.65<10 %) obtained by other means, which provided
gas targets should include an extra contribution fromthe input PB'"(1s) beam for the “ionization” experiment.
excited-state captured electrons, some of which would b&he inert gas equilibrium values are 20—30% larger than
ionized in solid targets—especially for higty . those in solid targets of comparalde, essentially because
In Fig. 3(b), we compare the ionization cross sectionsthe effectiveo; measured for gas targets are significantly
obtained from both the growtti‘capture experiment) and lower than in solid targets.
decay(“ionization experiment’) curves, given in Table I, to In summary, our experiments have isolated the ECPP
the most recent “ion-atom” theoretical values off8nsen mechanism for capture. Following theoretical predictions,
for PP*(1s) [11]. Both experimental and theoretical values we expected the ECPP cross sections summed over all final
are normalized toZ+%+ Zt). The cross sections obtained by states to be about 1o3(1s). Instead, the measured capture
the two methods for each target are expected to agree itross sections were found to be the same d4s), and the
gases, despite possible differing degrees of product excitaross sections increasingly fall below theoretical expectation

FIG. 3. Measured cross sections for 158 GeVyA; 168, PI5?",
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asZy increases. The gas target-capture cross sections agrdiional channel of secondary ionization of collisionally ex-
with those measured in solids indicating less capture to exeited states. The Bb™ equilibrium fractions obtained in gas
cited states than predicted by theory. These results suggesttatgets are 20-30% larger than in solid targets of comparable
least two possibilities(i) If the theoretically predicted ex- 7., because of the lower effective ionization cross sections
cited fraction is correct, then the expected theoretical scalingh gasescomplete relaxation of excited states formed

for capture is slower thanzi?>+ Z+); (ii) if the correct scal-

ing for ogcpd Z1) is ~(Z+%+Z+), then the theoretically pre- The authors H.E.K., C.R.V., and S.D. acknowledge sup-
dicted excited-state fraction has been over estimatedfor port by the U.S. DOE Office of Basic Energy Sciences, Di-
>17. The X ionization cross sections obtained in our inde-vision of Chemical Sciences, under Contract No. DE-ACO05-
pendent gas target experiments agree well witheBgen’s 960R22464 with Lockheed Martin Energy Research
recent estimates and with each other. The larger ionizatio@orporation. H.K. acknowledges the support of the Danish
cross sections observed in solids can be attributed to an aéitatural Science Research Council.
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