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L- and M-electron populations of fast xenon ions traveling in gases
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Spectra oL x rays emitted by 5.2- to 14.4-MeV/nucleon Xe ions traveling in gaseous targets of He, Ne, and
Ar have been measured with a curved crystal spectrometer. Detailed spectral analysis provided estimates of the
average projectile charges and the avelagandM-electron populationgsidethe gases. In comparisons of
the present results for gases with those obtained previously for solids, it was found that Xe ions dmitting
x rays in solids have, on average, many mhreacancies than those that erhitx rays in gases. Average
charges deduced for Xe ions traveling in Ar gas were 2.3 units lower than the average charges of Xe ions
traveling in solid KCI.[S1050-29478)08605-3

PACS numbeps): 34.50.Fa, 32.30.Rj

I. INTRODUCTION there is some truth in both points of view.
The inner-shell vacancy states of fast ions traveling in
It has long been known that energetic heavy ions travelingnatter can be characterized by examination of the x rays they
in gases emerge with lower average charges than those theinit. Therefore, x-ray spectral measurements provide a po-
characterize the equilibrium charge distributions of ionstential means of investigating the effects of target density on
emerging from solids. This observation is qualitatively con-the distribution of inner-shell vacancy states. Moreover, x-
sistent with ideas that evolved out of the early work on stopf@y energies are sensitive to the number of outer-shell elec-

ping powers by Bohr and Lindhafd]. In a gas, the average trons attached to the projectile and, hence, they also furnish

time between collisions that excite or ionize inner-shell eleciNformation concerning the charges of ionside the target

trons of a projectile ion is generally long compared to theMedium. In a recent study df x-ray emission by 6- to

time required for relaxation back to the ground state, wherea 5-MIeV/nducf:Ie0n t>'(e |:_)ns tra\{eh?lgém s(;):\l/(lds,hmltlathlodf were
in the high density environment of a solid, the collision fre- eveloped for estimating projectile- and M-shell electron

guency may be shorter than inner-shell relaxation timespopulatlons fronL x-ray spectrd12,13. It was shown that

Therefore, inner-shell electrons are expected to be more Vander suitable conditions, reliable estimates of the ionic
LT : ; P : : charges of projectiles in solid targets can be obtained by this
nerable to ionization via multiple collisions in solids than

: technique. In an effort to compare the states of fast Xe ions

they are in gases. _ _traveling in gases and solids, similar measurements have

Th(_a validity of the above explanation was brought iNt0peen performed on a variety of gas targets and the same
question by early measurements of heavy ion stopping powsnalysis methods applied to the determination of electron
ers @E/dx), which failed to find any significant differences populations and ionic charges. The results of this study are
between thalE/dx values for gases and SO"{@,3]. Conse- presented herein, and they provide furt}'(dndepender)t
quently, Betz and Grodzins were led to argue that, while theserification that the charges of ions traveling in gases are
states of excitation may be appreciably different, the effecsubstantially lower than those of ions traveling in solids.
tive charges inside gases and solids are essentially the same
[4]. According to their model, the enhanced charges exhib- Il EXPERIMENTAL METHODS
ited by ions emerging from solid targets result from addi-
tional electron loss outside the target via the Auger decay of Beams of 6-, 8-, 10-, and 15-MeV/nucleon Xe with initial
inner-shell vacancies. Because of the low collision frequencgharges ranging from 17 (6 MeV/nucleon to 25+ (15
in gases, very few ions are expected to emerge from galeV/nucleon were extracted from the Texas A&M K-500
targets with inner-shell vacancies and, hence, this would exsuperconducting cyclotron, charge analyzed, and optically
plain why the charges of ions emerging from solids are largefocused on a Zn/CdS phosphor with the aid of a closed-
than the charges of ions emerging from gases. circuit television camera. The beam passed thinoad® mm

Over the years, several attempts at determining theiam collimator located directly in front of the target gas cell
charges of ionsnside solids have been reportd8,6], and and its intensity was monitored by measuring the current
the results of these measurements have clearly shown thafenerated in a Faraday cup positioned directly behind the
under certain conditions, Auger decay indeed does cause tlexit window of the gas cell.
charges of ions emerging from solids to increase by several The beam entrance and exit apertures of the gas cell were
units over those that exist inside. In more recent times, howsealed from the vacuum system by means of 2.1 mg/cm
ever, new stopping power measurements have revealed a sigickel foils. This closed-cell design enabled spectral mea-
nificant gas-solid effect in which gas stopping powers aresurements to be performed with targets of He, Ne, and Ar at
observed to be systematically lower than those observed fgressures up to 1 atm. While most of the spectra were taken
solid medig 7—-11]. The effect is found to be largest for high at a nominal pressure of 700 Torr, measurements investigat-
Z, projectiles and lowZ, targets. Thus, it now appears that ing the pressure dependence of Xe&-ray emission in a Ne
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FIG. 1. Spectra oL x rays emitted by 5.2-MeV/nucleon Xe FIG. 3. Spectra oL x rays emitted by 9.3-MeV/nucleon Xe
ions traveling in the indicated gasésp panels and the indicated ions traveling in the indicated gasésp panely and the indicated
solids (bottom panels solids (bottom panels

target were pursued down to 50 Torr. The first Ni gas cellspectrometer had a resolution of 17 ¢8WHM) at an en-
window caused the beam to enter the gas cell with the equiergy of 5000 eV. Further details concerning the gas cell,
librium charge distribution of a slightly lower energy beam spectrometer, and the electronic apparatus are given in Refs.
emerging from a solid. The average energy of the Xe projecf12,14.

tiles (in MeV/nucleon after passing through the Ni window

was reduced to 5.%Zfrom 6.0, 7.2 (from 8.0, 9.3 (from

10.0, and 14.4(from 15.0. The distance between the en- lll. RESULTS AND DISCUSSION

trance and exit apertures was 1.5 cm and the x rays were A. Qualitative features of the spectra

viewed through a 54@g/cn mylar window at the top of Spectra obtained in the current investigation using He,

the cell. A collimator placed over the x-ray window re- N d A ¢ ¢ d with th btained
stricted the projectile path length viewed by the spectrometer €, and Ar gas targets are compared wi ose obtaine
to0 0.33 cm. previously[13] using Li, NaF, and KCI solid targets in Figs.

A 12.7-cm Johansson-type curved-crystal spectromete]r_4' They reveal that the average electron configurations are
' -Squite different for Xe projectiles traveling in gases and sol-
Ids. The structural features in the solid-target Xex-ray

was used to record the Xex-ray spectra. Energy calibration . ) .
ysp 9y ectra are due primarily to overlapping setsLef, L3,

of the x-ray spectrometer was performed using the measur oL . . . .
Y SP P 9 and L B85 peaks from initial state configurations involving

diffraction positions of th&Ka; , andK 8, peaks fluoresced diff : b i elect F le. th "
in solid targets containing K, Ca, and Mn, as well as the Ierent nuMDErs oL electrons. For éxample, theé spectrum

Laq , peak fluoresced in a Xe gas target. It was found tha{Or aLi targgt(at an incident projectile energy of 5.2 MeV/
the bosition of theL «; , peak of Xe agreed quite well with nucleon in Fig. 1 displays twd.a peaks in the energy range

the calibration curve defined by the other reference peaksA'?’OO_4700 eV—one arising from singlevacancy configu-

e ; - ations and the other from doublevacancy configurations.
verifying that the geometric conditions were the same for® ; .
both solid and gas targets. The energy calibration wag- he structu;e ]:n thehenergy range 4700_53}90 eV_ Is due to
checked several times during the course of each run. Th&'€ L3 peaks from these samevacancy configurations. It
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FIG. 2. Spectra oL x rays emitted by 7.2-MeV/nucleon Xe FIG. 4. Spectra oL x rays emitted by 14.4-MeV/nucleon Xe
ions traveling in the indicated gasé@ep panelg and the indicated ions traveling in the indicated gasésp panels and the indicated
solids (bottom panels solids (bottom panels
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is evident that basically the same structural features are TABLE I. Average projectileL- and M-electron populations
present in the spectrum for a NaF target in Fig. 1, but in thign_ andny,), average projectile charge®J, and charge distribu-
case the peaks are much broader than those in the spectriigns widths ) determined from least-squares fitting analysis of
for a Li target. The reason for this is that, on average, the Xéhe spectra ot x rays emitted by Xe ions traveling in gases. The
ions traveling in Li have only 1.M electrons, while those estimated uncertainties are0.4 forn_ andny , and*+0.6 for Q.
traveling in NaF have 5.912]. Each missingM electron

causes thé. x-ray peaks to shift up in energy by approxi- Incident
mately 24 eV and variations in their number give rise to the projectile
observed broadening. The gas target spectra shown in Fig. 1(Me\e/7ri:2|yeo 3 Target = = Q o
all look quite similar and they contain very little contribution t M Q
from doubleL-vacancy configurations. 5.2 He 7.0 75 375 2.1
The spectra for an incident projectile energy of 7.2 MeV/ Ne 7.0 8.1 36.9 2.1
nucleon(Fig. 2) reveal that multiple ionization of thie shell Ar 7.0 6.6 38.4 2.0
increases rapidly with increasing projectile energy in the
solid targets(e.g., the tripleL-vacancyL« peak is clearly 7.2 He 6.9 6.3 38.8 2.1
visible in the spectrum for a Li targetThe spectra for the Ne 69 61 390 21
gas targets, on the other hand, look almost the same as those Ar 68 48 404 20
in Fig. 1. Upon closer inspection, however, it becomes evi- 93 He 6.9 16 435 1.2
dent that the peaks are slightly shifted to higher energies, Ne 6.9 4.0 411 18
indicating that feweM electrons are present. Ar 6.7 o5 428 17
At an incident projectile energy of 9.3 MeV/nucle@Fig. ' ' ' '
3), the peaks in the gas-target spectra are somewhat narrower  14.4 He 5.4 1.0 45.6 1.6
than at the lower projectile energies, indicating that many Ne 6.4 1.3 44.3 1.3
more of theM electrons have been removed, and the double- Ar 6.3 1.3 44.4 1.3

L-vacancylL « peak has become visible, especially in the He
spectrum where it is clearly resolved. Also, a set of uniden-

tified peaks(centered around 4100 ¢Viave become rather gpecira were measured for 14.4 MeV/nucleon Xe ions in Ne
prominent. These mysterious peaks appear in all of the speg; pressures of 50, 100, and 700 Tdequivalent target
tra for gas targets at projectile energies above 7.2 MeV/,. i nesses of 41, 8,1, am,j 5Z@/cn?, respectively. Thel
nucleon. Moreover, their structure appears to depend on the o\, snecira at all of these pressures looked nearly identical

targets and with thin targetsee Fig. 3 of Refl12]) at all of "
the projectile energies investigated, although their intensitiefsUIIy equilibrated beam.
are greatly reduced relative to ther peaks. These peaks do
not appear in any of the other spectra for thick solid targets.
This last observation may indicate that they originate from The spectra obtained in the present investigation were
metastable states that, because of their relatively long lifeanalyzed using the fitting procedure describedli8]. Since
times, are highly quenched in the high density environmenthe projectile energies in the gas targets were well defined,
of a solid. the application of Doppler shift corrections was straightfor-

The spectrum for a He target undergoes a remarkablevard, in contrast to the problems encountered with thick
transformation in going from an incident projectile energy ofsolid targets of low atomic number in which the x rays are
9.3 MeV/nucleon(Fig. 3) to 14.4 MeV/nucleor(Fig. 4). In  observable over a wide range of projectile energies as they
the latter case, the peaks are very narrow and there are sutfow down in the target. The results of this analysis are given
stantial contributions from electron configurations with asin Table |. Estimates of the average charges rely on the as-
many as foul vacancies. Another interesting point is that if sumption that all shells above th@ shell are empty. This
the unidentified peakgbelow 4400 eV in Fig. #are ex- assumption is quite reasonable since the projectile velocity is
cluded, this spectrum closely resembles the spectrum for a lthuch larger than the outer-shell electron orbital velocities
target at 9.3 MeV/nucleofkFig. 3). The 14.4 MeV/nucleon and hence the Bohr criterion is well satisfied. Moreover, it
spectra for Ne and Ar targets are almost identical. They diswas found previously that application of this same analysis
play observable contributions from electron configurationsprocedure(including the above assumptipto the determi-
having up to threedl vacancies, and their structure closely nation of the average charges of Xe ions emerging from thin
resembles that displayed by the spectra for Li targets at 5.2arbon targets yielded average charges that were in good
and 7.2 MeV/nucleon. agreement with those determined by magnetic anal\t&k

As the Xe ions emerged from the Ni gas cell entrancdt should be noted that the- and M-electron populations
window and traveled to the spectrometer observation regiorgnd average projectile charges listed in Table | apply only to
they adjusted to a new charge distribution characteristic othose ions that emit x rays(i.e., ions that have lost at least
the gas. Since the target thickness required to reach a nesneL electron and retained at least dveelectron. In order
equilibrium distribution is not known, it was necessary toto estimate the average ionic charges of all the ions, it is
check to see if thé x-ray spectra were pressure dependentnecessary to know both the fraction of ions having zero

B. Quantitative analysis of the spectra
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electrons and the fraction of ions having zévioelectrons. (Cross section is related to rate constant dy N[ nv],
However, corrections to the average charges for these missthere n is the atom density of the target.With
ing fractions are relatively small and tend to cancel eactR=or/0|, the fractionalL-shell population at equilibrium
other since inclusion of the zetowvacancy fraction will becomes
lower the average charge by no more than one unit and in-
clusion of the zeradvl-vacancy fraction wilraisethe average
charge by no more than one unit.

The averagd.-shell populationsh, listed in Table | for
the He, Ne, and Ar targets decrease very slowly with projec- Rate constants for transitions from thé shell to theL
tile energy and show little dependence on the target atomishell in Xe range from 2.2 10" s™* for atoms with a single
number, except at an incident energy of 14.4 MeV/nucleonL vacancy and a fully populated shell[15,1€] to approxi-
where then, value for He suddenly decreases by 1.5 elecmately 1.7 103 s™1 for atoms with a singlé. vacancy and
trons. The averag®!-shell populationsn,,, on the other a singleM electron. At a projectile energy of 14.4 MeV/
hand, decrease much more rapidly with projectile energy anducleon, conversion of these rate constants into their equiva-
they display a higher sensitivity to the target species. In genlent cross sectiongunder the conditions of the gas target
eral, theL- and M-shell populations obtained in the present measuremen}s gives values of 2410 “*cn? and
analysis of spectra for gas targets are substantially larger.4x 10 % cn? for a fully occupiedM shell and a singly
than those obtained previous[{2,13 for solid targets of occupiedM shell, respectively. Combining these numbers
comparablgaverage atomic number. In the case of , the  with cross sections fot.-shell ionization and capturéesti-
gas target values are larger by approximately 0.7 units at amated using the ECPSSR moddl7,18)) yields R values
incident projectile energy of 5.2 MeV/nucleon and by 2.7ranging from 1.X 10° to 7.4x 10° for a He target and from
units at 14.4 MeV/nucleon. The values of, in gases are 1.9x10* to 1.1x 10? for an Ar target. Hence, this simple
approximately 1.8 units larger than those in solids at an inmodel predicts that multiple-vacancy accumulation should
cident projectile energy of 5.2 MeV/nucleon, but as the enbe entirely negligible for all of the gas target cases examined
ergy increaseny, approaches unity for both target media. in the present investigation. Experimentally this is tfoe

A simple model can be utilized to predict the behavior ofnearly s9 for all of the spectra obtained at projectile energies
the L-electron population. As an ion travels through matter,below 14.4 MeV/nucleon. ThR values predicted for solids
it occasionally suffers a relatively close collision with an are much smaller than for gases due to the higher atom den-
atom of the medium, causing it to lose one oflitelectrons.  sity of the solid state. For example, the estimafedalues
Subsequently, the vacancy will be filled either by an elec- for a solid KCI target(same average atomic number ag Ar
tron transition from a higher shelprimarily theM shell in  range from 27fully occupiedM shel)) to 0.16(singly occu-
the current cageor by capture of an electron to the projectile pied M shel). Therefore, the experimental results obtained
L shell from an atom of the medium. If the rates of these twofrom the solid target spectra are quite consistent with the
processes are large compared to the raté-shell ioniza- model predictions.
tion, only transitions from ions having single vacancies One possible explanation for the observation of higher
will appear in theL x-ray spectrum. Conversely, if the rates amounts of multiple ionization than predicted in the spectra
for filling an L vacancy are smaller than the rate for produc-obtained with gases at a projectile energy of 14.4 MeV/
ing one, then multipld. vacancies will accumulate in con- nucleon is that the ionization of Xe electrons via collisions
secutivel -shell ionizing collisions. Within the framework of with the electrons of the target medium becomes energeti-
this simplified picture, the net rate of change of thehell cally possible above 9.2 MeV/nucleon. However, because

L n’ R
fP=—=—
LN, R+1°

4

population is given by the rate equation the ions have lost manyM electrons, the associated
L-electron binding-energy increases shift the onset of contri-
ﬂ_)\ No =)=\ 1 butions from this additional ionization mechanism to signifi-
gt MFNLTnO=An @ cantly higher projectile energie§The energy at which Xe

ions with fully strippedM shells achieve the same average
where), is the rate constant fdr-shell ionization\¢ is the  velocity as theirL-shell electrons is approximately 14.4
rate constant fot-vacancy filling (via capture and decaly MeV/nucleon. While the electron-electron ionization
andN, is the number oL shell electrons in a neutral atom mechanism might account for the small degree of multiple-
(eight. Transformation of the time dependence to a target -shell ionization observed in the spectra obtained with the
depth dependencke.g.,dn, /dx=(1/v)(dn_/dt), wherex  Ne and Ar targets, it cannot explain the high relative inten-
is depth andv is projectile velocity and solution of the sities of x rays from multipld_-vacancy states appearing in

resulting differential equation yield the spectrum obtained with a He target. The most likely
. o Ax cause of this unexpected behavior is that at 14.4 MeV/
n=n_+(N —np)e "™, 2 nucleon in He the Xe ions have lost essentially all of tihvir

here A— / dn® is th | ¢ | electrons and, hence, thevacancies produced in consecu-
where ._()‘FH\'): andn,_ is the value ofn_ at large e collisions become “frozen in” because there are no de-
depths(i.e., whenx=the equilibrium thicknegs The expres- 5y channels available for filling them and the cross sections

sion forn” may be written in terms of cross sections for electron capture in He are extremely small. Therefore, the
only ions that emitL x rays are the relatively few that hap-
n’= IF N, . 3) pen to pick up arM electr_on as they pass through the spec-
Ot o trometer observation region.
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46
o 4l high absorption coefficients for Xe x rays greatly limit the
g depth from which they may be detected. Hence, even a thick
5 «f KCI target is “thin” with respect to the Xd. x-ray spec-
o trum, and so the projectiles that emit detectable x rays in this
@ 40Ff ] target are characterized by a small energy loss and a well
g e H defined average energy. The average charges determined for
< 38} € ] . A ’
= Ne Xe ions traveling in solid KCI and gaseous Ar are compared
. A Ar 1 in Fig. 6. It is evident from this figure that the average charge
is higher in the solid than in the gas by approximately 2.3
34 : : ) : : : - units over the whole range of energies investigated. Bimbot
4500 4350 4600 4650 4700 4750 4800 4850 4900 et al. [10] have deduced effective charges for 3.5 MeV/
Average L x-ray Energy (eV) nucleon Ne, Ar, Cu, Kr, and Ag ions in a variety of solid and

_ _ _ gaseous substances from stopping power measurements. Ex-
- dti ﬁé(fé a’gvg%geisc::;gﬁfn;fioﬁem);gczrt:;et srrgj!texctri?g:]gr;hyeat trapolation of their results to 3.5 MeV/nucleon Xe ions
the center of the observation region. aff averageL x-ray en- yields an effec_tlve charge in solids that is higher by approxi-
ergy. ' mately 1.5 umts_thap that fo_r gaselsZz':Qt=.18.

The charge distribution widths listed in Table | are com-
parable to those for ions emerging from solid tardéiS).
Also, the value ofo obtained for an Ar target is similar to

The average charges determined for Xe ions traveling inhe value obtained previously for a KCl target.
He, Ne, and Ar are shown as a function of the average pro-
jectile energy at the center of the spectrometer viewing re- IV. CONCLUSIONS
gion in Fig. 5a). As expected from the appearance of the
x-ray spectra, there is very little evidence for any significant The spectra olL x rays emitted by 5.2- to 14.4-MeV/
dependence of the average charge on the atomic number Bficleon Xe ions traveling in gas targets of He, Ne, and Ar
the target. Figure ) shows the correlation between the have been measured. Analysis of the spectra has provided
average charge and the averdge-ray energy. It is to be estimates of the average projectile and M-electron popu-
expected that the average charge should be closely connectiédions, and the projectile ionic charges inside the gaseous
to the average x-ray energy, and the fact that these quantitiegjedia. It was found that the average number oflXelec-
which were determined independently, do display a high detrons decreased only slightly over the projectile energy range
gree of correlation lends confidence to the reliability of thefrom 5.2 to 9.3 MeV/nucleon, while the average number of
analysis procedure. Xe M electrons decreased quite rapidly. The expected rates

In view of the current state of uncertainty concerning thefor L-vacancy production by ionization, andvacancy fill-
average charges of fast ions traveling in solids and gases, it isg by M-to-L transitions and electron capture to theshell
of interest to compare the present charges deduced from thieom the target medium, are consistent with the relatively
L x-ray spectra of Xe ions in gases with those obtained presmall contributions of multiplé--vacancy states observed in
viously for Xe ions in solids. Unfortunately, as was shown intheL x-ray spectra obtained for all of the gases in this energy
Ref.[13], low-Z, solid targets, such as Li and NaF, are quiterange. However, the increased contributions to lthe-ray
transparent to Xé&. x rays and, hence, contributions to the spectra from Xe ions having multiple vacancies observed
spectrum originate from a wide range of depths. This meanat 14.4 MeV/nucleon were attributed to the onsetedhell
that the charges deduced from x-ray spectra for fyntar-  ionization via electron-electron collisions and the highly
gets have been averaged over a large range of projectile eatripped condition of théM shell. This latter factor, which
ergies. However, in the case of a KCl target, the relativelycaused. vacancies produced in consecutlveshell ionizing

C. Average charges
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collisions to become “frozen in” when there are W elec-  ions traveling in gaseous Ar were 2.3 units lower than those

trons available folL-vacancy filling transitions, had a dra- determined for Xe ions traveling in solid KCI. This observa-

matic effect on the x-ray spectrum for 14.4 MeV/nucleon Xetion confirms conclusions about the average charges of fast

ions traveling in He. heavy ions in gases and solids deduced from stopping power
Comparison of the preseit x-ray spectra for Xe ions measurements.

traveling in gases with those measured previously for Xe

ions traveling in solids having comparakieeveragg atomic

numbers revealed that multiple-vacancy production is ACKNOWLEDGMENTS

much more probable in solids than in gases. This observation
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