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Radiative and inner-shell dielectronic recombination in a highly charged barium ion
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The direct radiative recombinatidRR) to n=3, 4, and 5 levels and the resonant dielectronic recombination
(DR) cross section involving @—3d excitation of Sc-like barium B&" and Ti-like barium B3 are
calculated and compared with a recent electron beam ion trap experiment at the National Institute of Standards
and Technology. Assuming a fractional population of*Bain the trap of about 30%, we obtain good
agreement between theory and experiment for the cross sectiono@R)/o(RR)(n=4), as well as for
o(RR)(n=5)/a(RR)(n=4). The result confirms again that the simple angular momentum averaged procedure
can be effective in treating DR for heavy open-shell ions when the energy resolution is not high. A large, broad
peak below 2 keV in the x-ray spectrum is being theoretically examir&D50-294{©6)04008-5

PACS numbsg(s): 34.80.Kw, 32.80.Hd

I. INTRODUCTION peaks at 3.7 keVi{4) and at 3.3 keVI§5) and 3.4 keV H4)
correspond to direct radiative capture into states withd
The availability of the electron beam ion tréBBIT) at and 5, respectively, while the broad pedk) (at 2.9 keV
Lawrence Livermore National LaboratoZLNL ), Oxford,  corresponds to RR into states witk=6. Finally, a very large
and the National Institute of Standards and Technologynd broad bumpq) was observed, stretching over the en-
(NIST) has opened up a rich field of experiments with highlyergy range 1-2 keV. This peak is not treated here. The de-
charged ions at low velocities. There have been several rdiendence of this spectrum on electron-beam energy was
cent measurements of x-ray spectra emitted by highlyptudied by varying the beam energy by as much as 100 eV
charged ions produced by EB[T,2] and merged beanjg§] N both sides of the DR resonance. These spectra are shown
that involve electron capture with inner-shell excitations.  in Fig. 2. We note that as the kinetic energy of the electron
In a recent investigation carried out with the EBIT at Péam moves away from the DR resonance energy the RR
NIST, scandiumlike barium Ba' ([Ar]3d3) and titaniumlike ~ Peak inab shifts to higher energy while the resonancas,
barium B&**([Ar]3d?) ions were created, trapped, and ex-anda’, gradually disappear. Peakel andb5 (as well as
cited using an electron beam of approximately 2.3 keV enbump ¢) remain more or less the same in magnitude but
ergy. A strong x-ray emission peak was observed at 4.6 keV,
and several smaller peaks were measured at lower energies,
down to approximately 2 keV where the spectrum is gradu-
ally cut off due to detector limitation&ig. 1). This experi-
ment is particularly interesting because x-ray peaks arising
from both dielectronic recombinatigibR), labeleda in Fig.
1, and radiative recombinatidiRR), labeledb in Fig. 1, can 50
be studied simultaneously. Since the binding energy of the
3d orbital is about 2.3 keV and noting the energy difference
between the @ and 3 orbitals is 4.6 keV, we attributed the
principal x-ray peak to a DR process in which a continuum
electron collisionally excites aelectron in the trapped ion
and is in turn captured into thed3orbital. One of the
M-shell electrons (8) of the recombined ion subsequently
decays radiatively to thef2vacancy, thereby emitting a 4.6 N il SN N
keV x-ray, i.e., an x ray of energy twice the incident kinetic 2 3 4 5
energy of the projectile electron. The peak due to this DR - Energy (keV)
process is denoted in Fig. 1 ab because it also contains
contributions from RR corresponding to radiative capture F|G. 1. Sc-like barium spectrum at an electron-beam energy of
into states with principal quantum numbes3. The smaller  approximately 2350 eV and a beam current of 65 mA. The detector
DR peak labeled’ at 4.0 keV corresponds to radiative de- resolution is about 200 eV, and the spread in electron-beam energy
cay of anM-shell 3s electron into the P vacancy. The x ray is about 30 eV. The spectrum was acquired over six hours.
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Energy (keV) the spectra for energies above the main DR reso-
nance, with the beam energy decreasing with off-
E set from thex axis. The bottom graph shows the
3 E-Beam Energy from 2440 eV to 2350 eV spectra for energies below the main DR reso-
1000 Steps of 10 eV, offset of 50 counts each. nance, with the beam energy increasing with off-
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slowly shift to higher energies with increasing electron en-are injected into the center of the drift tubes are stripped to
ergy. The main pealib is reduced in size off resonance, but higher-charge states by the electron beam and trapped radi-
there is a small recognizable peak which persists at about 44ly by the space charge of the electron beam as well as the
keV. This important information, together with approximate action of the magnetic field. The trap along the electron
energy levels of the ground and excited states oPBaal-  beam is formed by a collection of three drift tubes, a center
culated by Kim[4], is sufficient to assign tentatively the grift tube and two end caps. The end caps are biased 100—
peaksb4 andb5 and the residual peak iab to RR pro- 500 v/ above the center one to provide axial trapping for the
cesses, and the main portion of the pedkanda’ to DR jons. The electron-ion interaction energy is controlled by the

processes. , absolute voltage applied to the center drift tube.
We present here the experimental data of DR and RR for g o is perhaps the easiest element to study in the

4+ 5+ ; : At
the B&*" and B&°" target ions and details of an estimation BIT because it is a primary dopant in the electron gun

of their cross sections. Our calculations indicate that the 4. athode, and sufficient barium evaporates from the heated

keV peakab and the peala’ at 4 keV do indeed arise from cathode to provide an abundant source for the trap. To make
DR and estimates of the relative magnitude of the accompa: P P-

nying RR cross sections are found to be in favorable agree"’—l specific cha}rge state, the eIectron-beam energy must be
ment with the data. tuned appropriatelyto an energy above the ionization poten-

tial of the next lowest-charge state, but slightly below the
ionization potential of the desired charge stafehe energy
of the electron beam is controlled by the voltaggapplied

The operation of the EBIT has been described in severdb the center drift tube, but it is not exactly equaktd,. The
reviews[5]. Briefly, the EBIT consists of a 10—150 mA elec- space charge of the electron beam depresses the on-axis po-
tron beam focused to less than 10fh diameter by a strong tential somewhat, and therefore lowers the electron-beam en-
magnetic field. The electron beam is accelerated to betweegrgy below this. It is a simple matter to calculate the effect of
1 keV and 30 keV by a series of positively biased cylindricalthe electron space charge on the endijly but inside the
electrodes or drift tubes. Atoms and low-charged ions thaEBIT there is a complication due to the partial neutralization

Il. EXPERIMENTAL DISCUSSION
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of the negative electron space charge by the positive chargeherefore the overall shift is more apparant off resonance.

of trapped ions. It is difficult to determine the total number The radiative recombinatiofRR) lines all shift in the direc-

of trapped ions of all charge statéscluding those of any tion of change in the beam energy.

background gas trappgdout through a combination of cal-

culation and measurement of the position of certain radiative Ill. DR CROSS SECTION

recombination(RR) lines, it is possible to get a good esti-

mate. We estimate that the overall space-charge correction to

the energy is 150 eV,. with an uncertainty af50 eV. In e7+AZ+(i)_>A(Zfl)+**(d)_>A(Zfl)+*(f V+ho. (1)

order to produce B&", it is necessary for the electron-beam

energy to be greater than the ionization potential of Ti-likeThe initial capture is a resonant process with conservation of

barium (2.259 keV. In order to prevent the conversion of energy and momentum leading to a doubly excited autoion-

Ba>®" into Ba®®", it is necessary to tune the beam energy toizing resonance stat&**. As this state relaxes by x-ray

just below the ionization potential of the B4 state itself emission —f ), the x-ray energiefw=E4—E; provide

(about 2.355 keY We adjusted the drift tube potential so as the distinct signature of the process. The DR cross section

to give a space-charge corrected value of the beam energy ePR(i—d—f ) calculated in the distorted-wave—projection

about 2.35 keV. We confirmed that the beam energy was ioperator method9] and in the isolated resonance approxi-

the correct place by monitoring a previously obsery@ld  mation, is given explicitly by

visible line in Ti-like barium using a monochromator and

phototube. By maximizing the strength of this line and then

increasing the center drift tube voltage by 100 V, we could

be confident that the beam was optimized for producing Sc- ~

like barium. X 8(Eq—E;+e0)(mag), )
The EBIT was designed with several side ports at 90° to ) ) ]

the electron beam which look directly into the ion trap. Cer-Wherek. is the wave number of the continuum electrapis

tain ports are covered by thif0.125 mm beryllium win-  the Bohr radius, and is the atomic unit of timeV,(i —d)

dows, so as to hold the vacuum without appreciably attenu'S the inverse of the autoionization ratg(d—i) of the in-

ating x rays of energy greater than 2.5 keV. We took atermediate state, and they are related\ay=gq/(29i)Aa,

number of Sc-like barium spectra using a solid-statgi$i Wher.egq andg; are the stapstmal Welghts of the |nte_rmed|ate

detector. The spectrum shown in Fig. 1 was integrated ovefnd initial states, respectively. Also introduced(® is the

six hours at an estimated beam energy of 2.35 keV and Huorescence yield

beam current of 56 mA. Although the monochromaticity of T,(d) T,(d)

the electron beam has not been measured directly, we expect  ,(d)= ! == wd—=f), 3

that the energy spread in the beam is less than 50 eV and F(d)+T(d) T'(d) %5

probably less than 30 eV full width at half maximum )

(FWHM). The detector has an energy resolution of approxi-vhereI'r(d)=2A(d—f) andI'y(d)=2; Ay(d—i") are

mately 200 eV, and the combined detector-window systerﬁhe total radiative and autoionization widths, respectively, of

has about 45% efficiency at 2.5 keV, which increases tghed state of full widthI'(d)=I"(d) +I'y(d). The Lorent-

The DR process proceeds as

DR, : 4 )
o (i,ec—d—f )=m ToVa(d—i,e)o(d—f)
C

about 75% at 3.5 keV and 90% at 4.5 keV. zian factor is defined as

Using a computer simulation of the evolution of the T'(d)
charge state balance within the trg§i, which neglects the S(Eq—E +e.)= -~
effect of DR, we estimate that over 90% of the trapped 2| (E+e—E,)7— I'(d)
barium ions are either in the B or B&®" states, with a TR ST R 4

ratio of 1:1.4 between them at 2.35 keV electron-beam en-

ergy. Including the effect of the expected DR process in the ) ~

calculation, the ratio of BR' to Ba&*" may be reduced sig- with f dde=1. (4
nificantly. In the analysis that follows, we account for this

reduction by allowingP, the ratio of B&>* ion density to the ~ All possible states that are connected td, and which are
sum of the B&" and B&*" ion densities, to be reduced by a allowed by energy conservation and angular momentum and
factor of 8 (0<B<1) which we track throughout the analysis parity rules, are summed over I, (d).

to insure that the final comparison with theory is not circular. The bound-state orbitals used in the calculation of
To confirm the line identifications described above, we meaA,(d—i) and the radiative decay rafg (d—f ) are com-
sured spectra at a number of different beam energies in 1@uted numerically with the nonrelativistic, single-
eV steps. The precision with which we can change the centegonfiguration Hartree-Fock cod&0]. The continuum-wave
electron-beam energy is better than 2 eV, although théunction is calculated with the Hartree-Fock direct and ex-
spread in electron-beam energy might be several tens of eVlicit nonlocal exchange potentials. Because of the strong
The spectra taken at steps in beam energy are shown in Figonfiguration mixing required for the ions of interest here,
2. The main peakdb) is reduced in magnitude as the beamand the large number of angular momentum coupled states
energy is varied and at the same time its centroid shifts witlinvolved in the intermediate stated)( A, and A, may be
energy. This is because the peab) is composed of one conveniently evaluated in an angular momentum average
DR peak and one RR peak. The resonant DR peak does nAMA ) scheme in which all the couplings are averaged. This
move, but its intensity is reduced when the RR peak movesscheme only requires specification of the orbitals directly
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involved and their statistical factof41]. Spectator electrons 16 ho\3/ mc\ 12
play no direct role in AMA, except to screen the active elec-  ¢9RR= > (—Cz) ) (R ™2+ (1+1)
trons (thereby altering the radial wave functionand to 32 \M €
modify some of the statistical factors. An additional justifi-
v ) X (R H?)(mad), ©

cation for the choice of the AMA is that the experimental
width of the electron beam iaBg,,~30 to 50 eV, which
averages out contributions from many term levels. Our pas
experience shows that the AMA and the resultsigf are  tron. The radial integrals in(9) are defined asR
quite reasonable, particularly when dominant statese in- = [ erRmf dr, whereR, andRg . are the bound state

volved, as is the case hejie2]. [For a givend-state configu-  and continuum radial wave functions, respectively, and
ration there is only one AMA state but, in general, mary R, |, is here momentum normalizefd3]. For capture(7)

terms, so the calculation of DR cross sections is convenientl}f1
’ , o to a partially filled shell, the RR cross section is reduced
done in the AMA scheme. In fact, in the limit th&t>T",, smplygs y

w(d)~1, and the total DR cross sections obtained in differ-

\{vherea e’/fic ande, is the energy of the continuum elec-

ent coupling schemes are identical to that of the AMA be- RR_ hy 0 RR

cause of the sum over all terms involvg@ihe AMA scheme 0 =32+ D) O otV RR, (10)
tends to overestimate the cross section by roughly

20%~40%, however. —  whereh; is the number of holes in the subshel} before the

Since the full widthl’(d) of the DR peak described by  radiative recombination transition ahgdis the orbital angu-
is very narrow, on the order of0.1 eV or less, itis conve- |ar momentum quantum number. The bound-state and
nient for comparison with experiment to define an energycontinuum-wave functions are calculated as in the DR case
averaged cross sectiofl] described above. Alternatively, we may also obtain &}
using the scaled Coulomb formula given in REJ], with
Zow=(Zc+2,)12~45, whereZ is the nuclear core charge of

EDR(i,eC—)d*)f )= J O’DR(i,eCHdHf )deé

Ae, the target ion and, is the degree of ionization of the target
ion before capture. For sufficiently large the RR cross-
SPR section scales asrid, as can be seen from Kramer's formula
= (5 [15],
Ae,
87 as z2

wheree, is the kinetic energy of the recombining electron. Uﬁramer ao)— 33 ¥ — —eﬁzz (11
Obviously, ¢PR depends on the choice ake,, while ec< . ;ffz)
SPR=Ae.oPR for the area under the DR peak is independent 2v

of Ae;. The energy-averaged form is especially useful Whenﬁvherev_is the average effective principal quantum number
experimental energy resolution of the electron beam is muc

) L given byv=n-—u, andu is the quantum defect. In general,
L?L?;: ;?:g:;(sgnt ?r?(llosrmgll giiﬁg}?'&%e:c;nﬁggscﬁ]lalggigthe relativistic and multipole contributions are knofirg] to

the energy binAe, is completely arbitrary, so long as approxmately cancel each other, so that the simple nonrela-
C )
Ae,>T(d). Two convenient choices arée,=W=the tivistic dipole approximation(9) seems to provide a reliable

detector-window resolution, orAe.=AB=the electron- estimate,
. ) c While the DR cross section described above is peaked at a
beam width. We choose in this paper

particular resonance energy, the nonresonant RR cross sec-
tion is continuous and slowly varying with the beam energy.

Aec=W, ) Therefore for comparison with experiment the RR cross sec-
tion is integrated over an energy bin width equal to the width
because the DR data are presented with the widtiAs will of the experimental electron-beahB as
become clear below, however, the final comparison is inde-
pendent of this choice, especially whev>AB. SRR=J’ oRRde.~ ABGRR (12
AB

IV. RR CROSS SECTION o .
where it is assumed th&sB<W. In the opposite case of

We estimate the direct radiative recombination cross sedW<<AB, the AB in (12) is to be replaced byv.
tion o"R for the processes
V. RESULTS

- n n+1
e HAr3d"~[Ar]3d™ + o, @ The spectrum shown in Fig. 1 contains all the x rays

emitted by both the RR and DR processes for an electron-
e +[Ar]3d"—[Ar]3d"4l + 1w, (8)  beam energy of 2.35 keWwith strong attenuation below 2
keV due to absorption in the beryllium windowsSince the
wheren=4 for the B&*" ion andn=3 for the B&" ion.  absolute x ray intensities depend on, among other factors, the
The direct recombination cross section defined for capturérapped ion density and the overlap between the electron
(8) into a completely empty subsheill is given by[13,14] beam and the ions, which are not known, we focus on only
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TABLE I. The autoionization and radiative rates for the resonance stf2s12p°3s?3p®3d® of the
Ba®>" ion are presented in units ¢f/seg in the AMA coupling scheme. Brackets indicate powers of 10.

[ ec(Ry) le A(d—i,lg) f A(d—f) fiw(RY)
[Ar]3d® 172 1 0.310+14] [Ar]3d* 0.259+15] 340
3 0.41§+15] [Ar]3s3d® 0.13¢+14] 315
5 0.567+13]
[Ne]3p83d® 131 1 0.547+13]
[Ne]3s3p°3d® 141 0 0.126+15]
2 0.341+13]
[Ne]3s3p83d* 156 1 0.146+13]
3 0.126+14]
[Ne]3s?3p*3d® 151 1 0.528+15]
3 0.127+14]
[Ne]3s?3p°3d* 166 0 0.468+14]
2 0.493+15]
4 0.401+14]

their relative magnitudes. In this case, we are comparings relatively simple, the adjustment factor in fact contains the
resonant and nonresonant total cross sections, each withdetails of state coupling; it is the result of many detailed
unique energy dependence. Theref8P& of (5) andSfR of  calculations performed previously.

(12) are the basic theoretical quantities for comparison with For the Bd®" system, we find that the autoionization
experiment, since these are the quantities that the experimewidth of the resonance staig=1s°2s?2p°3s23p®3d°® is
talist directly measureg(t is also assumed that the x-ray I',(d)=0.172<10'® sec!, the radiative width is
detector for the RR and DR at 90° does not affect the relativd™,(d) =0.273< 10" sec }, and thus the fluorescence yield is

ratios) w(d)=0.137. The energy averaged total DR cross section for
the 2p— 3d excitation capture is then
A. Theoretical result 2R, =2.7x 1072 cnP/1.3=2.1x 102 cn?, (19

The results of the calculation are presented in Tables | and
Il. The autoionization and radiative rates calculated in th%here both the 8— 2p and 3— 2p radiative decay contri-
AMA scheme are presented in units of 1/sec. Reemphasizingu,[iOns are included. For the B4 case with
that the choice of the energy averaging bin sk is com- d=1522s?2p53523p®3d® we find that I',=0.203x10%
pletely arbitrary(i.e., for Ae.>I'(d)], the DR cross section o<1 1 _0318¢10% sec® w=0.136 yieI?JIing
is averaged over a bin size equal to the resolution of the ~ '~ " ' B
x-ray detectoW whereAe.=W=(15*+3) Ry. This depen- _zx
dence will drop out in the cross-section ratios. The AMA 9Ba34+—
procedure generally overestimate$® by approximately
20%-40%, so that the corrected theoretical ratio should b&he 2P,,—2P5,, splitting is on the order of 500 eV, so only
reduced 11,12 by a factor of 1.3. Although the AMA theory the 2P, excitations satisfy the resonance condition. This is

1.9x10 2' cm?/1.3=1.4x10 % cn?. (14

TABLE II. The autoionization and radiative rates for the resonance stftesi2p®3s23p®3d® of the
Ba®*" ion are presented in units ¢t/seg in the AMA coupling scheme. Brackets indicate powers of 10.

[ ec(Ry) le Ay(d—i,lg) f A(d—f) fo(Ry)
[Ar]3d* 178 1 0.450+14] [Ar]3d® 0.30§+15] 339.0
3 0.615+15] [Ar]3s3d® 0.133+14] 312.0
5 0.821+13]
[Ne]3p83d® 135 1 0.538+13]
[Ne]3s3p°3d® 145 0 0.12p+15]
2 0.325+13]
[Ne]3s3p®3d® 161 1 0.177+13]
3 0.147+14]
[Ne]3s?3p*3d® 155 1 0.517+15]
3 0.126+14]
[Ne]3s?3p°3d® 172 0 0.54p+14]
2 0.576+15]
4 0.471+14]
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TABLE Ill. The direct radiative capture cross sectiofi® is TABLE IV. The direct radiative capture cross sectiofi® is

given for capture into statd#ér]3d®nl for the casesi=3, 4, and 5  given for capture into statd@r]3d*nl for the cases =3 and 4 for

for the B&°" ion in (cn?) corresponding to the experimental elec- the B&*" ion in (cm?) corresponding to the experimental electron

tron beam energg.=173 Ry. Brackets indicate powers of 10. beam energy.=173 Ry. Brackets indicate powers of 10.

f hw(Ry) R (cmd) f fiw(Ry) R (cmP)
[Ar]3d* 333.0 1.6p—22] [Ar]3d® 326.0 1.40-22]
[Ar]3d34s 263.0 3.37-23] [Ar]3d*4s 259.0 3.28—-23]
[Ar]3d34p 259.0 1.06—-22] [Ar]3d*4p 255.0 1.01—22]
[Ar]3d34d 253.0 1.04-22] [Ar]3d*ad 249.0 1.09-22]
[Ar]3d34f 247.0 2.68—23] [Ar]3d*4f 243.0 2.55—23]
[Ar]3d35s 226.0 1.68—23]

Ar]3d3sp 224.0 5.10—23

[Ar]3d® 0-23]

[Ar]3d35d 221.0 5.58—23] Therefore the contribution of about 8% to the peak from
[Ar]3d35f 218.0 2.08—23] direct radiative recombination to th_e=3 Ie_vel,(RR, n=3),
[Ar]3d3s5g 215.0 2.08—24] must be subtracted before comparing with the theory.

Next, we examine the relative size of the two DR peaks
ab anda’. They arise from the initial radiationless capture
b2p+|c—> 3d3d followed by radiative decays; eithed3-2p
ﬁwith a photon energy 4.6 keV for B¥); or 3s—2p (with
a photon energy 4 keV for B&"). Similar decays occur for

accounted for by further reducing the DR cross sections o
tained in the AMA scheme by a factor of 1/1.5, as has bee
done above. . ; o
Tables Il and IV show the direct radiative recombination (€ B&"" fon. From Tab!es I and Il, the relative probability
(RR) cross sections along with the photon energies corre‘ior these two branches is
sponding to the electron-beam energy of 172=Ry35 keV.
Since the energy of the emitted x ray is the same in both A;(3d—2p)/A;(3s—2p)=19. (16)
cases, we first note that the peak is a combination of DR
(2p+1,—3d3d—2p3d+y) and RR(n=3). From Tables This is consistent with the ratio seen in Fig. 1, where the two
I-IV, the theoretical cross-section ratios for the two ions areDR peaks,a=ab—b3 anda’, have an intensity ratio of

about 16.
—BR In order to compare the resonant DR process with the
Tt 13 15 nonresonant RR process, we adopt the energy integrated
o (nN=3) ’ (19 ¢ross-sectiors. For the DR case, we have
Bad5t
SDRE—DRW, (17)
and
which is independent dfV, the detector resolution. For the
;ggw RR case, assuming/>AB,
Tgepa+(N=3) SRR=GRRAB. (18)
700 -
. 600
e}
©
—;B 500 —
‘Cl FIG. 3. Sc-like barium spectra of the DR peak
o 400 ab taken at electron-beam energies ranging from
‘g 2270 eV to 2440 eV in steps of 10 eV. The graph
8 = BR" -Ba*" DR ti
& 800 clearly shows the B separation.
200 -
100

@

T T T T T T T T 1
2280 2300 2320 2340 2360 2380 2400 2420 2440
Electron Beam Energy [eV]
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TABLE V. The ratio of the DR and RR cross sectiopsare B. Experimental result
given corresponding to capture intd 4evels for the B®" and

Ba** systems. Since experimentallyv>AB, the RR cross section is ef-

fectively measured in terms ohB. Therefore, following

Ba35* (12), it is more convenient for comparison with experiment
to define
MA
e 34—2p) H SR SPR O GORw) W W
Tineonf 35— 2P) 0.7 7= FRE SR SRR ag-7aig 2D
Tinsory (3d—2p) 7*1
Obviously, theW dependence of; drops out in7%’, since

correcte s A4+0. ) . - 3
Tiheory (35— 2P) B 0.4=0.1 oPR(W) W is independent ofV.

AVA (34 > 1 We should make two further points before the comparison
Tneonf 34— 2P) is made. First, for B¥" and B&>", the RR x rays are only
Mieonf 35— 2p) 0.6 separated in energy by about 80 eV, which is well witthin

so that x rays from both B4 and B&®" are collected. Sec-
Tieory 13d—2p) 6=1 ond, the experi i i
, perimentally derived DR cross sections are very
oected3s . 2p) 0.3+0.1 much dependent on the relative abundances of tHé"Bmd

Ba>*'. The DR resonance energy difference for the two
charge states is alse80 eV, which is outside the electron
As noted earlierg™R is nearly independent akB, so that Peam widthAB. Therefore, wher, is fixed at the DR reso-

SRR is proportional toAB. For the present experiment, we nance for the B&" ion, no DR is_alloyved for the BA"
take AB=(4+1) Ry. (See Sec. V D and Fig. B. target ion(see Sec.V D.The theoreticaly’ should be further

To facilitate comparison of the DR and RR cross section§“U|t'p|'ed4EyP' the ratio of the B&" ion density to the sum
we use then=4 RR capture cross section to normalize the©f the B&*" and B&*" ion densities before comparing with
data. This is necessary partly because of the difficulty ofXPeriment. Thus
determining absolute ion densities and ion-electron spatial
overlap inside the EBIT. The cross-section ratios are inde- , aPR(W) [ W
pendent of these parameters, such as the ion and electron 7T TSRROAB Pl
densities. For  convenience, we thus define
7=0"R(Ae,)/o"R, with Ae, given by (6). Treating the
Ba®" system first, we find, for the full participation of 62

(22

For P=1/3, obtained by combining the results of the numeri-
cal simulation[8] for the charge state distribution and an

electrons, intermediate value oB=0.6, we have
oPR(3d—2 3.9x10°% cn?
Ty . c AB 45 eV '
(19
and thusz’ =7 in the present experimen(or comments on
and the 45 eV beam width see Sec. V)[As our assumption for
B varies over the full range of physically allowed values,
AVA oPR(3s—2p) 2.0x10 22 cn? corresponding to the DR cross sections varying from the
Mtheon 35— 2P) = =RR = — ~0.7.  extremes of zero to infinity, the value listed (B3) remains
o4 2.7x10 % cn? Y,

between 2.6 and 0, respectively. Our estimates of uncertainty
) ] on (23) reflect a more reasonable range of allowance for the
The theory must contain the AMA correction factor of 1/1.3 pr correction.
and theps, correction of 1/1.5. Thus for the BY case we The experimental DR (— 2p) cross section is extracted
finally have the theoretical result from the data by first subtracting the RR=3) contribution.
To eliminate the dependence on the ionic and electronic den-

1 1 sities in this subtraction, we set
oo 130d—2p)~ ipeon(3d—2p) 7 7z ~7=1

1.315 O_DR,adJUSteggd_)2 )
exp p
11
correcte . AMA — RR
Tineory (35— 2P)~ tneon| 35— 2P) 13 375 04+0.L - oRRin=4)
o (20 el 307 2P) T URR =gy Tteon(N=3) (29

Applying the same procedure to the Ba system we The 35— 2p transition corresponding to peak need not be
obtain the result summarized in Table V. For this caseadjusted. From the fit of the experimental data, we can di-
we find  zfheen(3d—2p)=11, 7ie(3s—2p)=0.5,  rectly obtain onlys’. The relative magnitudes of the DR and
nimeoe{3d—2p) =61, and 7iune®{3s—2p)=0.3+0.1.  RR peaks@ab andb4) and(a’ andb4) are then given by
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néxp(3dﬂ2p)21lt 3, 0.7 T T T T T T T
Nexd 35—2p)=0.8+0.2. (25) ] o
Hence, to compare witk20) the quantities in(25) are con- g ‘ g f Tl
verted ton using(21) as & ‘ . ! ‘ N
|28 A AP R e SN G
Nexp= 17 X WP/’ (26) g 02 b st L R \
, |
Comparing(26) with (20) we find for the B&" case 01 f ' | | — ]
UeXF(3d—>2p)=7i3, o0 2.I28 z.lz,o 2.I32 2.|34 2,I36 2.|38 ' 2.140 z.lxz 2.44
Beam Energy (keV)
Nexd 35—2p)=0.5+2 (27)

and the theoretical peak ratios are found to be in excellent FIG. 4. Relative charge state populations of scandiumik® Ba

t with th : tallv ob 4 val and titaniumlike B&*" ions in the EBIT as a function of the kinetic
agreement wi e experimentally opbservea values. energy of the electron beam.

C. RR ratios which gives a value of about 45 eV for the beam energy
We also compare the relative magnitudes of the RR peak\gidth. This is in accordance with our earlier estimate for the
& The theory predictésee Table I} for Ba®" width to be between 30 eV and 50 eV. We used the above

determined 45 eV beam energy width throughout our analy-
A sis. The large peak in Fig. 3 centered arowe-2330 eV
£(4.9teory=_rr=0.54 (0.5D), corresponds to the DR process for the'Baarget ion, while
4 28 the small peak around 2400 eV should be the contribution
ofR from B&*". The reason for the reduced count rate for the
5(4,6)theory=wa=0-31 (0.30, second peak is the change of the charge state balance by
4

changing the beam energy. Figure 4 shows the dependence
of the B&>" and Ba*" charge state populations on the

RR

and electron-beam energy using the results of our model calcula-
SRR tions (Ref. [8]). To be able to compare the experimental DR

g(s,e)theory:%:o,sg (0.58), ratios with theory, one has to normalize the peak intensities

05 to the same number of ions in the particular charge state the

h th b . h h i tre onance corresponds to. This can be done using the popu-
where the numbers in parentheses are the ralios Expeclpginns of the corresponding charge states as shown in Fig. 4.

-3 H : RR 34+
f][om tr_}egl lscallng pehlawor Orf’ (Q)' Thg ‘Sélfor F’a h The ratio of the relative population of the B4 ions at 2.33
(from Table IV) are similar to the above28). Clearly, the oy ang the BH* ions at 2.39 keV is 44%/26%L.69.

calcglate'd ratio$which were QOne irlsthe d@storteq-vyave aP- since this ratio does not include the effect of DR itself on the
Fhrommatl(_)rjleire chon5|sten£\2N|/t2h_chBThscaI|ng._Thls IS _also charge state balance the value given here may be biased by

e case in(11) whene >(Zey/2v7). The experiment gives e fact that the DR process removes ions from the particular

4, —0.56 29 charge.state in which they are resonant. Multiplying th(_e

€4 e 29 theoretical DR cross-section ratio with this number our esti-

which is quite close to the theoretical value of 0.52 obtainednate for the intensity ratio is
from (26), after averaging the weighted contributions from SOR(35+)

the two charge states.
OR(34+) 1.69=1.3X1.69=2.2. (30

D. Electron energy dependence of the DR peak This is very good agreement with the experimentally ob-

The DR part of pealab [which contains both the DR and served peak intensities shown on Fig. 3. We note that the
RR (n=3) contributiong may further be analyzed by varying changing charge state balance complicates the analysis of the
the electron beam energy. Figure 3 shows two peaks corrgesults in all the cases when the experiment requires the
sponding to the DR contribution from B4 and B&*", re-  change of the electron-beam energy. This is the situation,
spectively. The RR(n=3) contribution should be an ap- e.g., when one studies resonant processes just as in our case.
proximately constant background on the order of 1/20 of theSince DR removes ions from the charge state in which they
large peak value, as shown {h5). Thus, in Fig. 3, the RR are resonant, there are fewer ions in the appropriate charge
count should be on the order of 35. The figure shows arstate at the peak centroid than in the tails. Thus, the estimate
upper bound on the electron-beam widthAB=5 Ry=65  of the DR cross section obtained by using the integral of the
eV (FWHM). The total width of the line is made up by the peak is biased low, and the estimate of the width is biased
fine-structure splitting of the @level intoj=3/2 andj=5/2  high. These biases are not as important in obtaining the ratios
levels and the electron-beam energy width. Tt flhe-  of the two DR resonances, however. To resolve this problem
structure splitting can be calculated to be around 20 e\in future experiments we plan to apply a transient operation
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technique. In this method one optimizes for a certain chargspectral shapes to change\Wsand AB, and their ratio, are
state balance at a given beam energy then transiently changaitered.
the beam energy to a different value where the observation is The final broad peak at the x-ray energias<<2 keV is
made. By choosing the off-steady-state time sufficientlycurrently being examined theoreticaljL6]. This peak is
short one can make sure that the number of ions in a giveproduced mainly by collisional excitation fluorescence along
charge state is always the same independently of the tramvith the cascade contribution from the primary RR process
sient energy. Alternatively, rather than the beam flippingdiscussed above, and by Bremsstrahlung. In addition, the DR
procedure described above, the beam ramping technique mayocesses contribute which involve the-shell electron ex-
also be used. citations to high Rydberg levels>6) accompanied by cap-
ture to these levels. Preliminary estimates indicate that the
VI. DISCUSSION ) individual cross sections for sudi-shell DR processes are
We have pre;enteP recent E}Pe“mema'_ data on RR andghly 100 times smaller than the 2xcitation DR consid-
DR processes in B&" and Bd ions obtained with the  gred above. This is to be expected from the approximafe
EBIT at NIST, as well as a theoretical analysis. The x-rayscajing. There are very many available intermediate reso-
peak @b), corresponding to the DR 3d excitation fol-  pance states to be included, however, with the angular mo-
lowed by the 8l—2p radiative decay, has been compared toyenta of the levels extending to large valiesl0. The ex-
then=4 RR x-ray pealb4. Note that the energy of the DR jicit calculation of theM-shell DR is difficult and time
x ray is twice that of the |rI1C|dent electron kinetic energy. '”consuming, even in the AMA procedure. A direct attempt is
addlt_|on, the_smaller peak’ at 4 ke_V has been shown to be being madd16], employing the same procedure as in the
consistent with theb peak and wittb4. In all cases, good | _ghe|| DR, while a simpler alternate theoretical procedure is
agreement is obtained to within20%, after slight but jus-  peing developed. We also conjecture that at least some part
tifiable adjustments are made to both the theoretical and X this low-energy x-ray peak is the result of a recombination
perimgntal vqlues. The present analysis confirms our earligffoct [Radiative DRRDR)] proposed recently[17], in
experience with the AMQ +procedure that, for complex open-yhich the excitation capture takes place simultaneously with
shell ions such as 33' , and forW and AB large, the  5p y_ray emission. Such a process is DR-like, but nonreso-
method works well in describing the dominant transitions.nant and should be important when DR is weak or forbid-
As the experimental resolution improv_es, more refined treatyen  previous estimates suggest that the RDR contribution
ment should be necessary. Comparisons of the RR peak$n pe a few tens of a percent of DR, and can compete with
relative to each other was not possible for5 due to the Rrp processes as well.
uncertainty in isolating their contributions from the data. gyrther experimental study of the DR lines in¥aand
However, the plateau around 2.6 keV is probably due to they g5+ g being planned, employing a transient technique
RR contribution fromn>5. Thus all the significant features \ypich prevents the DR resonance from altering the charge
of the' x-ray spectrum above 2.4 keV have been satisfactorilgte palance. By repeatedly switching the electron-beam en-
explained. _ _ ergy on to resonance for approximately 10 ms and then off
The x-ray energies for th?H DR processes differ byresonance for approximately 50 ms, the charge balance may
~20-30 eV for the B®" and B&"" target ions, whileee for — yemain approximately steady at its off-resonance value. This
the two ions differ roughly by 80 eV. Therefore, within the \yq|d increase the BE" ion fraction P decrease its uncer-
resolution of the electron beam eneryB<50 eV, it is im- tainty, and simplify the analysis.
possiblg for both ions to be involved in the DR process atthe This relatively simple EBIT experiment has yielded a sur-
same time. On the other hand, the RR peaks can have COpisingly diverse amount of information, as demonstrated in

tributions from both charge states, as the detector resolutiogyis yeport. In addition, it would be very interesting to extend
is W=200 eV, much larger than the 80 eV difference in theyye y.ray measurement below the 2 keV limit, where a rich
x rays from two different ions, for eaal Therefore part of variety of physical processes are expected.

the broadening of the peaks may be due to the presence of
two or more charge states in the neighborhood ofBawe

emphasize that under the experimental conditions ACKNOWLEDGMENTS
W>AB>T'(d) the RR x-ray counts were detected from both
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