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Energy transfer in ion—Rydberg-atom charge exchange
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Charge-transfer collisions between slow multiply charged ions and highly excited Rydberg atoms have been
studied to determine the details of the internal energy transfer accompanying charge exchange. The experiment
uses lasers to define uniquely the binding energies of both initial and final states of the collision, thereby
eliminating the ambiguity inherent in the selective field ionization method used for previous studies. The
results clearly characterize the capture energetics over the range of ion chafdgell and velocityv
=0.031-0.138 a.u. The measurements are in very good agreement with predictions of the classical trajectory
Monte Carlo method, but not with predictions of other classical models.
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INTRODUCTION using the same discrete correspondence as for the initial
state. To what extent this theoretical approach gives an ad-
The charge-exchange reaction between multiply chargedquate description of ion—Rydberg-atom charge transfer is
ions and highly excited atoms occurs with very large crosstill an open question. In a broader sense, these collisions
sections and results in highly excited products within a narprovide an interesting case for studying the classical-
row range of energies. For example, a slow bare oxygequantum correspondence. Characteristic quantum features
nucleus can capture an electron from a hydrogen atom in thienown to be important in ground-state collisions, such as
n= 14 state with a cross section of about one square microrevel anticrossings, do not occur in classical treatments, but
and will likely result in ann=80 state of hydrogenic oxygen, may possibly appear in another guise.
lying 870 eV above the ground state of that system. This is Despite the fascinating characteristics of ion—Rydberg-
potentially an important cooling mechanism in hot plasmasatom collisions, there have been very few experimental stud-
since such a product state may decay radiatively, releasings of their properties. MacAdam, Gray, and Rolfes pio-
almost 1 keV of energy in the form of photons for eachneered this field, using slow beams of N@ns incident on
charge capture. Of course the tendency to form highly exexcited Na target$2]. In these studies, the product states
cited products is also present in collisions of multiply were analyzed using selective field ionization. Later,
charged ions with atomic ground states, but the very larg&esnelle used a similar approach to study the results of col-
capture cross sections for highly excited states gives thetisions between K& ions and a target of excited Rb atoms
importance beyond their relative abundance. An additional3]. In both cases, the experiments confirmed the predicted
reason for interest in the ion—Rydberg-atom charge-transfaiesonant nature of the capture, i.e., the tendency to populate
collisions is that they result in controllable, highly inverted a narrow range of product states with binding energies ap-
populations in the product ions. These could be useful improximately equal to that of the target electron. However,
some schemes to produce x-ray lasers or in the study of othé@nportant details of the experimental results, such as the
processes involving excited states. most probable final-state energy and the width of the final-
Because of the very large number of quantum states instate energy distribution, appeared to differ significantly
volved when the target atom is highly excited, there havdrom the predictions of the CTMC method in both experi-
been no successful quantum-mechanical treatments of thesgents. Part of the problem could lie in the method of analy-
collisions. To date, the most successful theoretical descripsis of the product states. The selective field ionizatiBRl)
tion is obtained with classical mechanics. The classical tramethod assumes a unique correspondence between the bind-
jectory Monte CarldCTMC) method treats the collision as a ing energy of a state and the electric field leading to its Stark
three-body classical probleft]. An initial classical orbit for  ionization. While this is approximately true, the actual field
the target electron is selected randomly from a distributiorthat ionizes excited atoms of a fixed principal quantum num-
representing all possible orientations and orbital phases dfer can vary by as much as a factor of 3, depending on the
elliptical orbits whose energy and angular momentum lieother quantum numbers of the state and the slew rate of the
within a discrete range corresponding to the quantum numionizing field [4].
bers of the target. The incident ion’s velocity and impact In view of the ambiguity inherent in the SFI method, a
parameter are chosen, and the classical equations of motionore quantitative approach is needed to achieve a definitive
are integrated through the collision. When the heavy partest of CTMC predictions for this process. One possible ap-
ticles are well separated, if the electron is bound to the proproach was first demonstrated in 1993 in Ré&j. In this
jectile ion, its energy and angular momentum relative to theexperiment, a beam ofSions captured an electron from a
ion are determined and used to infer its “quantum state,”Rydberg-atom target of Rb. Following the charge capture,
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particular product states were selectively detected by lase N Lens Beam Viewing
3 X N epelier System

excitation upward to a very weakly bound discrete state, fol- l l g
lowed by Stark ionization of this state and collection of the [~ T ; [l 1 —

resulting current. We now refer to this method of detection |Source O J | 1] — >”

as resonant excitation Stark ionization spectroscopy N f . A

I . . ydberg CO, Laser Stark Deflection

(RESIS. This is a sensitive and selective way to detect spe- Target Intcraction  lonizer  Plates Channel
cific excited states. Using a Doppler-tuned Q@ser, it can Region Mtplaos

easily detect neutral Rydberg states with principal quantum
numbersn=9 or 10, and in favorable cases fully resolve the  FIG. 1. Schematic diagram of the apparatus used for this study.
fine structure of these states. For example, in [&fall the A beam of multiply charged ions passes through the Rydberg-atom
n= 10 fine-structure levels with=4 were fully resolved in target, where some fraction captures single electrons to form highly
the RESIS spectrum. Using this method, the authors of Rekxcited Rydberg ions. Along with the residual primary ion beam,
[5] demonstrated that the populations of the varibusvels  these ions enter the repeller. There, the primary ion beam is
within n=9 and 10 manifolds were dramatically nonstatisti- blocked, while the charge transfer beam of Rydberg ions is trans-
cal, and that this distribution changed noticeably when thenitted and refocused. The electric fields in the repeller also Stark
exc|tat|0n |eve| Of the Rydberg_atom target was Change(pnize very hlghly excited levels that COU|(:J otherwise contribute to
from 8 to 10[5]. Unfortunately, this study yielded only frag- backgrou_nd in the dete_ctor. Following tr_u_s, a Doppler-tuned, CO
mentary information regarding the energy distributions fol-l2ser excites Rydberg ions from a specific energy staig {0 a
lowing charge capture, because the RESIS method cann¥" highly excited level ). lons excited to then, level are
easily be applied to detect energy levels other than 9 and 1@_ubsequently Stark ionized _|n_the detector, focu_sed_, and deflected
A way to surmount this difficulty and use the RESIS Into a channel ?lecm)n mu“.'p“dCEM)' .A begm-wewmg system
method to study the energy distributions was first demon/"'0Unted opposite the CEM is used to visualize the beam, while the
strated by Fisheet al. in 1997[6]. In this study, the charac- lens voltage is adjusted. The primary measured quantity is the ratio

s between the C®induced signal and the total charge-transfer cur-
teristics of the resonant capture were revealed not by study- ® g g

. . . ent.
ing the populations of a range of final states produced from a
fixed energy initial state, but instead by studying the popu-
lation of a fixed-energy final state as the energy of the initial/ <N:=18. In each case, the strength of the higRESIS
Rydberg-atom target state was varied. While somewhat indisignal was measured to indicate the population of the lower
rect, this approach retains the advantages of uniquely defingtlevel. As in Ref.[6], the total charge-transfer beam was
energies in both the initial and final states, and is in thisalso measured, and the ratio of these two measured quantities
sense an improvement over the SFI method. In this studyvas compared to theory. The results clearly showed that, for
He" ions were incident on a Rydberg target with a principald>1, the final state was more tightly bound than the target
quantum numben, that could be tuned over the range 7 State which produced it most efficiently. However the size of
<n,<14. The RESIS signals corresponding to excitationthis shift appeared to be in disagreement with CTMC calcu-
from n_ =10 to n,=30 were measured, with=4 and 5 lations. The width of the capture resonance was also shown
states resolved and highekstlevels, L=7-9 forming an to vary systematically with the charge and velocity of the
unresolved high- peak. The strength of these RESIS signalsincident ion.
is proportional to the population in these specific states. Tun- This paper reports an extended and improved version of
ing the excitation level of the Rydberg target should reveathe experiment described in Reff6]. The range of ion
which target produces these levels most efficiently. Sinc&harges and velocities has been extended, and additionally a
targets with different values of, may have different thick- Wwider range of target energies has been obtained to more
nesses, the total charge-transfer beam, in this case neutfdily define the capture resonances. The measurements are
helium, was also measured. The ratio of the RESIS signal téompared to CTMC predictions, incorporating several sys-
the total charge-transfer beam is independent of the targégmatic corrections omitted in Ref6]. This removes the
thickness. Measurements of this ratio ysshow a charac- apparent discrepancy with CTMC predictions reported there.
teristic variation which depends on the details of the energyl he final results reported here agree very well with CTMC
distribution in charge capture. The results of Fiskeml.  Predictions over the entire range of charges and velocities
were consistent with the energy distributions predicted bystudied. This full report gives detailed descriptions of the
the CTMC method over this range of target energies. Lim2pparatus used for this study, and of the various systematic
ited information was also obtained about thelistributions, ~ corrections applied in comparison with the CTMC method.
which did not agree as well with CTMC predictions. Also included is a more complete description of the opera-
The RESIS method was extended to multiply-chargedion of the Rydberg-atom target. Some of the features of its
ions in a second study by Fishet al. [7]. Using ions with operation are not yet understood and merit further study, but
chargeq=2, 3, and 4, and at a range of velocities, this studythes_e re_maining questions do not interfere with its use in this
used the same indirect method of probing the energy transféplication.
used earlier for singly charged ior8]. In this case, the
RESIS transitions used to detect particular final states of Ry-
dberg ions wereq=2(19-51), q=3(29-71), andq
=4(37-85). The Rydberg target was tuned over the range Figure 1 shows a schematic diagram of the apparatus used
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TABLE |I. Specific ions used for this study. All have=0 -
ground states. The last column gives the dipole polarizability used *é' L
to calculate the fine structure in the detected levels. 51 } {
Charge lon  Velocitya.u) K.E.(eV) aq (units ofa3) "g I
T !
1 “He' 0.100 1000 9/32 2 | 3 . =
2 13c2+ 0.100 3250 3.56 o -
3 133t 0.100 3250 49 .g r* .
4 13C4+ 0.100 3250 0.009 ..E ..............................................
6 2Net 0.100 5500 0.478 = ——
8 40Ar8+ 0.100 10 000 00632 6 8 10 12 14 16 18 20 22 24 26 28
11 At 0.100 10000 0.010 n,
3 e 0.031 3195 10.25
3 40p 3+ 0.043 1850 3.59 FIG. 2. Relative values of the target thickness for several
3 40p 3+ 0.057 3250 3.5 Rydberg-atom targets of different binding energies. The horizontal
3 1303+ 0.081 2132 49 axis gives the principal quantum r_1umber qf thg, state excited by_
3 1303+ 0130 5492 4k the third laser. The vertical axis is an estimate of the target thick-
' ) ness, obtained by dividing the total charge-transfer current by the
Dalgarno and Lewi$23). calculated total charge-transfer cross section. The variation is due,
bEstimated. in part, to the variation of the third laser power as its frequency is
°Bhatia and Drachmafe5). tuned between 705 and 826 nm.

Charlotte Fischefprivate communication[24]. . . .
® ni2d] these transitions were measured with precision of about 0.02

. o cm %, and were found to be given approximately by the ex-
for these measurements. It is very similar to that used for th%ression

studies of singly charged iorff6]. The major difference is

that in place of the electric deflection field following the 109 736.63
Rydberg-atom target, this apparatus has a double electro-E(nF,)—E(4Dsg,)=14 335.56- 2cmfl.
static lens which functions as a “repeller.” A brief descrip- (n—0.0150

tion of the various elements is given in the caption of Fig. 1. @

The critical distance scales are as follows: The spectral width of the excitation lasers wa80 MHz,

and the observed linewidth of the excitation transitions was

(1) Rydberg-atom target to repeller center: 23 cm. on the order of 100 MHz. The total excited-state density
(2) Repeller center to CQlaser: 22 cm. present in the several Rydberg-atom targets was estimated by
(3) CO, laser to Stark ionizer: 35 cm. comparing the size of the charge-transfer beam obtained with

each target, and dividing by the calculated total charge-
transfer cross section for each target. The results, shown in

The ion beams were produced by the CryEBIS ion sourcéig. 2, indicate that the total density is maximum for around
at the J.R. Macdonald Laboratory at Kansas State Universityi,= 14, and decreases by about an order of magnituahg at
[8]. lons were chosen whose ground electronic states &ere =7 or 26. These are only typical results, obtained during a
states, in order to insure a relatively simple heliumlike Ryd-single day. From day to day, the actual target thickness can
berg fine structure. Working under the assumption that theary depending on the conditions of the Rb oven and the
presence of tightly bound core electrons is irrelevant in col-excitation lasers. We estimate that the peak target density
lisions with highly excited Rydberg states, it was convenientcorresponds to about>310® excited atoms within an ap-
to use ions of different mass to vary the beam velocity. Withproximately spherical volume of radius 3 mm, giving a peak
this choice, many of the electrostatic focusing elementsiensity of approximately 8 10° excited atoms/cth In this
could be left virtually unchanged as the velocity varied.experiment, since the measured quantity is the ratio of the
Table 1{23—-25 shows the specific ions used. RESIS signal to the charge-transfer beam, and, since both of

The Ryberg-atom target used here is the same device uséigese quantities are proportional to the total target thickness,
in previous experimentg5,6,7]. It consists of a thermal Rb  the absolute target thickness should not affect the result. This
beam, excited by three cw lasers to g, state where is true as long as the charge transfer associated with the
7<n,<26. The more abundant isotop€Rb, is excited in  lower states of RIf5S, 5P, and /D) is negligible compared
the sequence of transitiori$) 5S;,,(F=3) to 5P5(F=4) with the charge transfer from the target's final state
at 780 nm(2) 5P3(F=4) to 4Dg(F=5) at 1529 nm, and (nF,(n;+1)D). From previous studie®], it can be shown
(3) 4Dg(F=5) to n{F,(F=6) at A(n;). The range of that the total charge-transfer beam from these lower states is
targets used for this study includes=7-18, 20, 22, and 26. negligible in this experiment.
This gives a range of target binding energies ranging from Although the lasers excite only tmgF,;, level, this popu-
0.278 to 0.020 eV. The wavelength of the final transition,lation is efficiently shared with the nearby;{1)Ds5), level.
\(ny), varies from 827 to 705 nm. The transition energies forThe mechanism for this population sharing has been de-
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scribed as a “mirrorless maser,” and was discussed else- Lens1 Lens 2
where[10]. Briefly, the population inversion created by ex-

citation of then,F,, level creates large gain on the far-
infrared transition fromn,F,, to (n,+1)Dsy,, and this in lon beam = Rer .
VLl

turn causes radiation to build up on that transition until the

two populations are equalized. In the case of thE idrget, —
this process was studied in detfil0]. The existence of this 1.0 cm
maser oscillation, and the resulting population transfer, is

responsible for the bright blue visible fluorescence from the

target. Similar transitions exist for the other targets, and the F!C- 3. Geometry of the repeller, to scale. This device, manu-
gctured as a decelerat¢@Colutron 400-l) is used to discriminate

existence of similar blue fluorescence suggests that the% tween the pri ion b d the ch wansfer b th
other maser transitions are also efficiently transferring popuzc een the primary jon beéam and the charge-transier beam, on the

. . : basis of their different energy per charge. It also ionizes very highly
Iatlon t.o th.e 0F+1)D5/2 levels. If the “r.]e\.NIdth of the maser excited levels which could produce background in the Rydberg-
transition is, in all cases, Doppler limited, then tabulated

o . . atom detector.
transition rate$11] indicate that the threshold population for

the maser transition shou_ld decrease proportionan;td, cally, V|, is set to a voltage slightly greater than the energy
and that therefore all the hightargets should be well above per charge of the primary beam. This repels the primary
threshold for the maser transition. However, a study of thgyeam put allows transmission of the defocused charge trans-

fluorescence spectrum of several targets suggests otherwigg, peam\y, , is then adjusted to refocus the charge transfer
Comparing the fluorescence from the € 1)D state to that  peam The second function of the repeller is to reduce the

from the & state, a cascade decay product of ke state,  getector background by ionizing highly excited levels. Be-
leads to the conclusion that, while the ¢ 1)D andnF  cayse the diabatic Stark ionization of the upper state of the
populations are approximately equal for the lowetargets  Res)s transition takes place over a range of about a factor of
(n;<12), the relative population of the(+ 1)D state drops 7 it was desireable as having a maximum field in the repeller
by an order of magnitude fon.>16. This would indicate 4 factor of 2 larger than the ionizing field in the detector, or
that the efficiency of the population transfer by the maset jeast equal to that field. The maximum field encountered in
transition is decreased for the highetargets. If this is so, he repellerFg, and the maximum field in the detect® ,

then the target makes a gradual transition from a equal MiXsye poth tabulated for each ion in Table I1.

ture of niF/(n+1)D to an almost purenF target forn, A final consideration in the operation of the repeller is the
>16. In either case, the target energy remains very welh,estion of its possible effects on the populations which re-
defined, since the energy difference betwegR and (O  syit directly from charge transfer. If the electric fields en-

+1)D is muqh less t_han 0.01ev f(_)r targets witbr 16. In ~countered in the repeller are less than the critical value,
later comparisons with theory, it will be found that no sig-

VLZ

nificant difference is expected between the charge-transfer 3
populations formed witin;F and (h,+1)D targets. Emx=_sa.u., 2
The Rydberg-atom target is modulated by chopping the 3ng

second excitation laser beam. The blue fluorescence from the
target is monitored by a photomultiplier tube, using an opti-where 1 a.u. of the electric field is 5¢110° V/cm, then there
cal filter which passes only the blue-green fluorescence froris no possibility of mixing levels with different principal
the (n;+1)D-5P transitions. The phototube current syn-
chronous with modulation of the target is used to monitor the TABLE II. Settings of the electric fields in the repeller and
relative strength of the Rydberg-atom target, and to correcfietector. Column one gives the ion charge. Colum 2 and 3 list the
for any short term fluctuations within the period of a particu-'ower and upper levels of the RESIS transition. Column 4 shows the
lar measurement. maximum electric field encountered in the repeller lenBgs, Col-
Following the Rydberg-atom target, the beam passegmn 5 shows the maximum fields,, encountered I_ater in the
through an electrostatic focusing element which we refer t§?ydberg detector. Column 6 shors, the repeller field neces-
as the “repeller.” It has two primary functiong1) to re- sary to cause thie, Stark manifold to overlap with a neighborimg

move as much of the primary ion beam as possible whil Eq.(2)]._ Column 7sh0\_/vs the full Stark width of the lower level at
e .. the maximum repeller field.
transmitting as much of the charge-transfer beam as possible;

and (2) to ionize those highly excited states in the charge-

transfer beam which could otherwise be ionized in the Ryd- N N (V'/:cRm) (V';cDm) (\'/:/rg.r;) A(ES&Z)L)
berg detector, creating a background signal that would de- - -

grade the signal-to-noise in measurements of the RESIS 2 19 51 1482 1340 5493 990
signal. Our repeller is a modified version of a commercial 3 29 71 2142 1204 2238 1500
device, the Colutron 400-L decelerator, pictured in Fig. 3, 4 37 85 1434 1390 1569 1860
which functions as a double einzel lens. With the aid of the 6 55 133 1439 782 730 2730
ion-optics progransiMION, it proved possible to find choices g 73 161 2189 864 420 5580
of the potentiald/, ; andV,, which blocked the primary ion 11 102 200 1290 943 205 4680

beam with only slight loss of the charge transfer beam. Typi
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TABLE lll. Details of the several RESIS transitions used in this study. Columns 1-3 identify the ion and
its charge and velocity. Column 4 gives the quantum numbers of the lower and upper states of the RESIS
transition. Columns 5 and 6 identify the G@ser line used to excite the transition, and column 7 gives the
approximate angle of intersection where the resonance was observed. Column 8 gives the observed resonance
linewidth, and column 9 lists the values bfwhich are contained in the highpeak.

Q lon V (a.u) n_—ny Line 128 O (deg W (MHz) L
1 He" 0.10 10-30 1B(20) 975.930 95.2 60 7-9
2 ct 0.10 19-51 ®(20) 1046.854 110.34 300 9-18
3 c 0.10 29-71 1B(24) 978.472 96.05 300 13-28
4 cH 0.10 37-85 ®(28) 1039.369 98.30 266 3-36
6 Nt 0.10 55-133 R(26) 1082.296 112.94 141 11-54
8  Arf” 0.10 73-161 ®(20)  1046.854 97.82 133 8-72

1 At 0.10 102-200  1P(20) 944.194 98.18 133 7-101
3 Xe3* 0.031 29-71 1R(24) 978.472 80.05 375 14-28
3 Ar* 0.046 31-100 1B(36) 929.017 75.72 158 13-30
3 Ardt 0.057 29-71 1R(24) 978.472 83.30 250 13-28
3 c 0.081 31-100 1B(36) 929.017 79.19 500 11-30
3 c 0.130 29-71 1R(24) 978.472 85.33 208 13-28

guantum numbers in the repeller since their Stark manifoldphase accumulated by the different Stark levels during their
do not overlap. For the measurements with ions hawjng passage through the repeller fields is very large, typicalfy 10
<6, Fg is less tharF,,,, and therefore no mixing of popu- cycles, the population of the sevetallevels should be ef-
lations with nearbyn levels can occur. For higher charge fectively randomized by the repeller fields. Immediately fol-
states, it was not possible to maintain this condition and stillowing the repeller is a set of-y electric steering plates
retain-low background. For these cases, there was overlap wfhich can be used to correct for any small deflection of the
Stark manifolds in the repeller. If the anticrossings of theséon beams by the repeller.
levels are traversed diabatically, as seems very likely, then The laser interaction region for this study is of a simple
no exchange of populations would take place. Even in th&lesign. A single-frequency GQaser enters from the bottom
worst case where such mixing did occur, only levels whosef the beam pipe through a 2.54-cm-diameter ZnSe window.
binding energies are within about 10% of the measured levelhe laser crosses the beam on its upward path, then is re-
(n.) could contribute to its population. flected downward from a gold mirror mounted on a rotatable
Discounting the possible effects of the repeller on the shaft, so that it crosses the beam for a second time at a
distribution of the population, there still remains the possi-variable angle. The angle is controlled by a precision rotation
bility that the fields encountered in the repeller could changestage on which the shaft is mounted. The apparent frequency
the distribution of product states among the varibustates  of the laser beam at its second intersection with the beam is
of commonn, . In fact, it seems very likely that the dis-  Doppler tuned as the angle of intersection is varied.
tribution among the levels contributing to the RESIS high-
peak is completely scrambled in the repeller. To see this, ) (1+ B cosb)
consider that the maximum electric field in the repeller is VL:VLW1 4
reached within a time,

wherev| and v, are the laser frequency in the moving and
ns, (3) lab frame, respectively3 is the beam velocity divided by the

speed of light, and is the intersection angle between the

beam and the laser, measured from antiparallel.
or about 9 ns, for a typical velocity here. At the maximum The laser is a commercial cw grating tuned Llaser
field, the typical Stark manifold for the lower state is about(UltraLaserTech PX2500The laser shape is TE} with a
1500 GHz wide(see Table I, but all the fine-structure lev- waist size of 0.45 cm and a spot size at the intersection point
els included in the high-RESIS peak lie within a frequency of about 1.2 cm. The laser power, on the strongest lines, is
range at zero field of 500 MH(see Table Il). This means about 15 W. In order to separate the RESIS signal from
that the time necessary for the Stark width to exceed théackgrounds, the laser is chopped at a frequency of about
zero-field separations of the measured states is much e840 Hz. There are a wide range of RESIS transitions avail-
than 9 ns, approximately 1/3000 timAs$g, or about 10 ps. able in the frequency range of the €@aser. The transitions
Since this is much shorter than 2 ns, the period associatethosen for this study were at intersection angles close to 90°,
with 500 MHz, the entry into and exit from the repeller fields where the linewidth due to the 8-mrad angular spread of the
should be traversed diabatically by the levels contributing tdon beam would be minimized. Table Il lists the transitions
the measured RESIS signals. However, since the relativehosen, the laser line used, and the approximate intersection

0.91
v(a.u)

2.0mm
AtRN » =
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TABLE IV. Estimated excitation probabilities for the RESIS T T J T
transitions used in this measurement. The estimates assume a con- CHln, =29 n,=71
stant linewidth of 200 MHz, a laser power of 10 W, a laser-beam ~ i
diameter of 1.2 cm, a transit time of 55 ns, and the matrix elements g i i
estimated in Eq(6). D
-1
: A '
nL,nU
q n. ny ny/ng (units ofag) Tex E‘L - .
1 10 30 3.00 0.49 2.4 e L -
2 19 51 2.68 0.31 0.95
3 29 71 2.45 0.25 0.62 -500 0 500 1000 1500 2000
4 37 85 2.30 0.22 0.48 Av (MHZ)
6 55 133 2.42 0.13 0.17
8 73 161 2.20 0.12 0.14 FIG. 4. Typical example of a RESIS excitation signal used in
11 102 200 1.96 0.12 0.14  this experiment. This signal is due to excitation ofiGC?* plus a

Rydberg electronfrom the n=29 state to then’ =71 level. The
horizontal axis plots the difference of the Doppler-tuned laser fre-
angles at resonance. A few additional transitions were Stuchuency from the hydrogenic excitation frequency. The large signal
ied in order to understand other sources of the linewidth. near 0 MHz is due to excitation of states with<IB<28. The
Because the upper state of the RESIS transition is vergmooth curve is a simulated signal based on the calculated fine
susceptible to Stark broadening, some care was taken to retructure of then=29 level. Signals due to excitation of sindle
duce stray electric fields in the laser interaction regionstates, while suggested by the solid curve, are too small to be re-
Earth’s magnetic field was reduced to less than 50 mG bgolved. The height of the large peak is taken, in this study, to
magnetic shielding. The interior surfaces of the laser interactepresent the population of time=29 level.
tion region were coated with Aquad4@?2], to prevent the
buildup of charge on insulating surfaces. In spite of thesdion probability up toq=11. This is partly due to the choice
precautions, clear evidence of Stark broadening by fields off stronger transitions ag increases, as indicated by the
the order of 100 mV/cm was seen when transitions to differdecreasing ratios afy to n .
ent upper states were compared in width. It proved possible For this study, we will take the unresolved higtportion
to reduce these widths by putting a small dc potential on th@f the RESIS signal as an indication of the population of the
gold mirror. The observed linewidth was minimized for a lower state of the RESIS transition. For example, Fig. 4
potential of about+0.10 V on the mirror. We attribute this to shows the 29-71 transition inIC. The strongest line is a
differences in the contact potential between the gold mirrosuperposition of transitions froorm=29 states withL
surface and the other metal surfaces in the interaction regior: 13—28. To the right, at higher energies, several resolved
The minimum linewidth was about 100 MHz, close to whatpeaks are suggested which originate in excitation of single
is expected from the angular collimation of the ion beamsnL states. The range &f states contained in the unresolved
Not all of the measurements are characterized by a linewidtReak depends on the excitation linewidth and on the fine

this small. structure of the lower state. The fine structure, in turn, is
A rough estimate of the excitation probability on the sev-almost entirely due to the polarization energies, which in-
eral RESIS transitions is given by the expression crease the binding of the Rydberg electron over the hydro-
2/ | genic value by an amount
4ar
Tex:W(At):T(h_)a|rnLnU|2Vg(V)(At)v (5 e?
' AE=— S ag(r %L, )

-4 2

: (6)

Qo
q

wherel is the laser intensity in W/f « is the fine-structure
constanty is the laser frequency, amf{ v) is the normalized where a4 is the dipole polarizability of the core ion, and
line-shape function. The radial matrix element can be esti{r ~%),, is the hydrogenic radial matrix element. The values
mated ag13] of ay4 used here for the core ions of this study are listed in
Table I. In a few cases there are explicit theoretical predic-
- oM ° n_|? tions. In other cases it was necessary to make estimates.
[Fon,[*=4 ny 1= ny Table | lists the values which have been used, and indicates
their source. Given a value aefy, and a value of the exci-
Taking the laser power to be 10 W; the linewidth to be 200tation linewidth, the range df states which contribute to the
MHz, the laser beam diameter to be 1.2 cm, ahtl  unresolved high- peak could be determined. This informa-
=55ns, this leads to the estimated excitation probabilitiegion is necessary for comparing the measurement results to
shown in Table IV. Fog=1, this estimate indicates that the theoretical predictions. The results of this analysis are listed
transition is saturatedT¢,>1), in agreement with the mea- in Table .
surements of Refl6]. For larger values ofy, this estimate The final element of the experimental apparatus is the
predicts less than an order of magnitude decrease in excitaevice used to ionize the upper level of the RESIS transition,
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and collect the ions that result. It is shown schematically inmined, the repeller voltages were turned on again to reduce
Fig. 1. It consists of four parts(l) ionization region,(2)  the background. Since it was also necessary to measure the
focusing lens(3) steering and deflection plates, a@] de- total charge-transfer beam, a separate choice of optimum

tection or viewing element. lens voltages was made for that beam alb4).
Diabatic Stark ionization of a Rydberg level takes places Following the lens,x and y deflection plates were
abruptly at a critical electric field mounted. Thex deflection was necessary to compensate for
small steering effects of the Stark ionizer. Theleflection
3 203 was used to separate the several beams emerging from the
W$Fs(a.u.)$ﬁ, analyzer by deflecting them vertically from the beam axis.

These beams could either be viewed on the BVS-1 viewing
system when the deflection was upwards, or directed into a
thannel electron multipliefCEM) for quantitative measure-
ment when the beams were deflected downward.

In order to measure the ratio between the RESIS signal
nd the total charge-transfer beam, it was necessary to switch
equently between detector settings which have been chosen
5 optimize collection of one or the other of these signals.
For this purpose, a single switch was provided to switch
between preset values of the voltages in the detector.

where the precise ionization field depends on the other qua
tum numbers if;,n,,m) of the level. The Stark ionization

detector is designed to ionize and “voltage label” all Ryd-
berg states of a given value of It consists, in principle, of

three electrodes along the beam axis, as illustrated in Fig. fr
The first and third electrodes are grounded, and the secondli
held at a potential/, . The spacing between the second and
third electrodes igl, while that between the first and second
is 3d. The potentiaM is chosen so that the electric field in

the smaller gap is sufficient to ionize all atoms with principal

guantum numben,,, the upper state of the laser transition: MEASUREMENTS
Ve 293 For each choice of incident ion, the first step in the mea-
D q . ,
—=-—au. (8) surement procedure was to obtain a good scan of thelhigh-
d 9n, RESIS signal. This scan typically consisted of 15—20 mea-
- _ surements at angles scanning the complete higksonance.
Consequently, the electric field in the long gafy(3d) will By examination of this resonance scan, three angles were

ionize noneof the states with principal quantum numlgy. chosen which corresponded approximately to the center of
Thus all of the atoms in the,, level ionize immediately upon the line, and two angles where the signal has dropped to
entry into the second gap. The change in charge which reabout half its maximum value. Subsequent measurements of
sults causes their kinetic energy to either increase or decreagee RESIS signal were made only at these three angles.
(depending on the sign of) as they return to the ground Measurement of the ratio between the RESIS signal and
potential at the third electrode. This change in speed distinthe total charge-transfer beam required that each of these
guishes the true Stark ionization current from other ions ofguantities be measured separately. With the present detector
the same charge that may have been produced in other way#gsign, this cannot be done simultaneously. Instead, the de-
either residual primary ions which survived passage throughector settings were switched between the settings which
the repeller or ions that did capture an electron but then wergave optimum detection of each type of signal. Both quanti-
subsequently collisionally ionized. ties, the RESIS signal and the charge-transfer beam, were
In practice, the ionization region consists of two nestedmeasured with the same Channeltron and on the same
sets of electrodes of this type, with a ratio of 3 between theitock-in amplifier (Stanford Research Systems-83but not
“small” gaps. This arrangement makes it possible to detectwith the same reference signal. For the charge-transfer beam,
a much wider range of Rydberg states. With this two regiorthe reference signal was obtained from a chopper which
device, values o¥/, between 300 and 5000 V can be used tomodulated the second excitation laser of the Rydberg target.
ionize Rydberg states with 38*<n <5504 whereqis  The measured lock-in signal in this case corresponds to the
the charge of the ion core. For this study, an ionizer with acharge-transfer beam produced by the Rydberg-atom target,
smaller gap §=0.88 cm) was used for all the signals. excluding any background charge transfer produced by cap-
Immediately following the Stark ionizer is a simple aper- ture from ground-state Rb or other residual gas in the system.
ture lens. This is used to focus the signal beam as tightly a¥he frequency of this reference signal was 172 Hz. For mea-
possible in the detector plane. Adjustment of the lens voltageurement of the RESIS signal, the reference signal was ob-
is made possible by real-time viewing of the beam profile ontained from a chopper which modulates the Q&ser. The
the beam viewing systerfColutron BVS-1 mounted at the frequency of this chopper was 510 Hz. Since the magnitude
end of the detector. Focusing of the RESIS signal directlyof the RESIS signal was much smaller than the total charge-
was very difficult since it is such a small signal. Instead, thetransfer beam, the bias voltage on the CEM was different for
signal focus was adjusted by turning off the voltayfgs and  the two signals, typically 800 V for the charge transfer and
V|, in the repeller, and using a target that produces a relat100 V for the RESIS signal. A separate lock-in amplifier
tively large population in states near the upper level of themeasured the blue fluorescence from the Rydberg target syn-
laser transition(typically n,=14). Under these conditions, chronous with the chopping of the second excitation laser.
there was a large enough Stark-ionized beam so that the fo- To make a single measurement of the desired ratio the
cus could be adjusted. Once the optimum focus was detefellowing sequence of measurements were made.
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TABLE V. Typical measurement of the RESIS signal to the T T J T
charge transfefCT) signal ratio. This represents one of eight inde-
pendent data sets taken for the case of & v =0.10 a.u. Average
CT/Blue, 0.410. The fitted RESIS signal amplitude is 0.0469, and E
the ratio is 0.114. ~ A 3
N
Angle RESIS Sig. CT Sig. Blue(CT)/(Blue) (RESIS/(Blue) g 8 20
——— — —— 1053 2425 0.4342 -——— -s 0
- = = = = 102.8 239.6  0.4290 - = ~ a P
0, 7716 — — — 2394 — — — 0.03223 g Qf
0, 8655 — —— 2386 —— — 0.03627 é A o Ao
0, 11.011 ——— 2299 ——— 0.04789 A
@2 11650 R 2312 R 005039 ...... ; .........................................
0, 4725 — —— 2222 ——— 0.02126
0, 4470 — —— 2208 — — — 0.02024 , , , ,
- === 82.7 210.7 0.3925 - - 250 200 -150 -100  -50 0
- = = = = 79.1 205.5 0.3849
E, (meV)

FIG. 5. Typical example of direct comparison between the mea-
red ratio of RESIS signal to charge-transfer beam and CTMC
Iculations. The solid diamonds represent the measured ratios in

(1) With the detector, lock-in reference, and CEM bias sets
at the charge-transfer values, the charge-transfer beam arég
the blue fluorescence were measured twice, with 10 s avefr, o< ofj=6 andy =0.10. The measured RESIS signal for this

aging times. , , case was the 55—133 transition, and represents the population of the
(2) With the detector, lock-in reference, and CEM bias sef,_ 55 jevel with a binding energy of 0.162 eV. The horizontal axis

at the RESIS values, the RESIS _5|gnal at ez_ich of the thr_qg the binding energy of the several Rydberg-atom targets used in
qhosen _angles_ was measured twice, each with an averagiggs case. There is a clear variation of the measured ratio across this
time which varied between 10 and 30 s. range of targets. The open triangles show the simplest comparison
(3) Repeat stefl) to complete data for this ratio mea- with the CTMC theory from Eq(9),
surement. B
(4) Remove effects of small fluctuations in the Rydberg Rervc=0op/or,
target by normalizing the four measurements of chargewhere o, is the calculated cross section for capture into the
transfer[steps(1) and (3)] and the six measurements of the =55 level, ando+ is the calculated total charge-transfer cross sec-
RESIS signa[step(2)] to the simultaneous measurement of tion. Since the absolute value of the measured ratios is not signifi-
the blue fluorescence in each case. cant, the calculated ratios have been adjusted by an overall constant
(5) Average the four measurements of normalized chargéPr best agreement with the measurements. WRiigc is in quali- -
transfer to obtain a best estimate of the charge transfer. tative agreement with the meas_ureme_nts, itis syr?tematlcally shifted
(6) Fit the six normalized RESIS signal measurements tglownward. Better agreement is achieved WRffry,c, from Eq.

a Gaussian whose width is fixed at a value found in fitting{-D) in the text, which is shown by the open circles. This corrected
atio accounts for ionization of part of the charge-transfer beam in

:gﬁe?]e:g”reed rséggﬁi fﬁ:nRﬁgfg :iarr?:{é;:e fitted amplitude I%he repeller and for the evolution of excited-state populations be-
(7) Divi dp h Itin st 6)gb th ) It in stegss) tween the Rydberg-atom target and the ;d&ser. This example
ivide the result in steg y the result in steffs). illustrates the relative significance of the various corrections applied

This is t.he final resuit for the d,?swed ra:[,'(.)' . to the CTMC calculations. Results for all other cases are shown in
A typical example of such a “data set” is shown in Table Fig. 6.

V.

Four data sets like this were taken for a range of Rydbergrange of targets used. The relative sensitivity of the charge
atom targets for each choice of incident ion. Then, four adyrgnsfer and RESIS measurements are not known, primarily
ditional data sets were taken for the same choices of Rydbelgecause both depend on the focusing adjustments in the
target, but in a different order. The total time necessary folRydperg-atom detector. Thus the absolute ratio is uncertain
one data set was about 3—9 min, so measurements for O an unknown factor common to all the measurements for a
target could be completed in about 30—90 min. For a typicaharticular ion. Because of the dependence of the collection
incident ion, about nine different targets were used, meaningfficiency on the detector settings, all the measurements with

that the total measurement time for each incident ion wag given incident ion were made with the same settings of the
about 5-15 h. The statistical error on each ratio measurgjetector.

ment was taken from the scatter among the eight independent

measurements. A typical result for this measured ratio, as a COMPARISON WITH CTMC THEORY

function of the target binding energy, is illustrated in Fig. 5.

The results for the other cases are tabulated in Tables VII The measured ratios can be compared with any theory
and VIII and are illustrated in a later figure. As Fig. 5 illus- which predicts both the total charge-transfer cross section
trates, the measured ratio shows a clear variation across tlaad the partial cross section into a particular final level. At
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present, only the classical trajectory Monte Carlo metfidd effective total cross section for the highey targets, since
provides such predictions. Quantum methods which havéhey produce a larger fraction of the population in states that
been used to predict charge capture from ground states bean be Stark ionized in the repeller. The omission of this
come impractical because of the very large number of quarfactor in the report of Ref.7] was responsible for the appar-
tum states which could be involved in capture from a Ryd-ent disagreement between the measured ratios and the pre-
berg level. In the CTMC method, the capture process iglictions of the CTMC theory noted there.

treated as a classical three-body problem. The initial state of There are also corrections to the numerator in the calcu-
the Rydberg-atom target is represented by a classical orbikated ratio. For one thing, not all captures into thelevel
whose size and shape are chosen to be within a discreteill contribute to the highk signal, but only a subset of the
range representing its quantum state. In the version of theaptures which have appropriate valuesLofKnowing the
CTMC method used herEl5], the quantum defect of the range ofL’s included in this peaksee Table IlI, the CTMC
target state is incorporated by changing the effective chargealculation will determine f, ,” the fraction of the capture

of the Rb" ion core to give the correct binding energy. Onceinto n, which is in this subset. Finally, the change in the
the initial orbit of the target electron is chosen and given devel populations between the capture at the Rydberg target
random orientation in space and a random orbital phase. Thend the excitation at the G@aser needs to be accounted for.
projectile ion is set in motion with a fixed impact parameter.Recall that the distance between the Rydberg-atom target
From this point, the classical equations of motion are inte-and the repeller is 23 cm, and the distance from the repeller
grated to determine the outcome of the collision. After theto the CQ laser is 22 cm. During both these periods, there
heavy particles are well separated, if the electron is found tovill be spontaneous decay, and perhaps blackbody-
be bound to the projectile ion, then its energy and angulastimulated transitions which will cause the populations to
momentum are determined and the corresponding quantugvolve with time. Fortunately, the lifetimes of the highly
numbers are assigned according to the same discrete correxcited levels populated in the capture are long compared
spondence used to set up the initial state. By repeating thigith the transit times, which are on the order gfi4. We can
calculation for a large number of initial conditions, an esti-simulate the effects of these spontaneous and stimulated
mate can be made of the cross section for capture into anyansitions, after assuming the population distributions at the
particular quantum leveln,L,m by any choice of incident target predicted by the CTMC theory. The result of this cal-

ion and Rydberg-atom target. culation is the ratio between the population of the subset of
In its simplest form, the prediction of the CTMC theory detected levels at the G@aser, and of the same set of levels

for the result of our measurement would be at the Rydberg target. We denote this calculated ratio as

f cascadd 16]. Thus we can improve the theoretical estimate of

0 Op the measured ratio by
RCTMC:U_T' ©)
cor _ Ml cascadd’p 11)

where o, denotes the capture cross section into states with cTme fror '

principal quantum numben_  and o1 denotes the total
charge transfer cross section. For this and all other CTMGFigure 5 shows that these improved predictions agree ex-
calculations presented here, the Rydberg-atom target is agemely well with the measured values. Again, the predicted
sumed to consist of an equal mixture mf and (h,+1)D values have been adjusted by an overall factor to find the
states. Figure 5 illustrates a comparison between this predibest agreement with the measurements.
tion and the measured ratio in a typical cages6 andv Figure 6 shows similar comparisons for all choices of
=0.10. The predictions have been adjusted by a commoincident ion charge and velocity. For simplicity, orfR/°" is
factor to achieve the best agreement with measurementshown. The results fog=1 are taken from Ref6]. In gen-
Even this simple comparison gives reasonably good agreeral, the comparison shows a remarkable degree of agree-
ment with the measured ratios. ment between the measured ratios and the predictions of the
There are a number of corrections that should be applie€ TMC theory. For example in the set of measurements at
to this simple model to achieve the most realistic comparisow =0.10, both the position and width of the measured ratio
to the measured ratios. The simplest of these is due to thehift dramatically vsg, but these changes agree extremely
fact that, since the repeller fields were left on during thewell with CTMC predictions. The set of measurementg at
measurement of the “total charge-transfer” beam, only=3 shows primarily a variation in the width of the peak as a
product states which are not Stark ionized in the repellefunction of v. Again, the CTMC predictions are in good
should be counted toward the cross section which determinesggreement with this trend. At the two lowest velocities, it
the denominator in the predicted ratio. To account for thisappears that the measurements are slightly broader than the

an effective total cross section is defined as predictions, perhaps by 10-20%. At the highest velocity
studied, the agreement in shape is not very satisfactory. The
or="fror, (100 reason for this is not known. Still, overall, it is clear that the

predictions from the CTMC theory are very close to the ob-
where o7 includes only capture to levels with<n.,«  served behavior.
=(q°/6F )4, whereF is the maximum electric field in the The variation of these measured ratios withcombines
repeller in a.u. The effect of this factdig, is to reduce the the variation ofop and or. The more interesting of these,
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final level of fixed energy Ep) from initial Rydberg targets of

FIG. 6. The measured ratios between RESIS signals and charg®arying energy ;). These are obtained from the measured ratios
transfer beam for all cases of this study are shown by the solidsee Fig. 6 and Tables VII and Vjllby multiplying by the calcu-
points. Numerical tabulation of the results is given in Tables VII lated total cross section, as in E§2) of the text. The solid curves
and VIII. The open circles shoRZY, ., from Eq.(11) in the text, ~ are fits to the resonance shape of Erp), which are used to pa-
adjusted by a constant factor in each case. The shape and positiGametrize the curves in terms of the center enegff§ and the full
of the ratio curve varies widely with the charge and velocity of thewidth at half maximunV. Because the energy of the detected level,
projectile ion, but the agreement with the predictions of the CTMCE, , varies slightly from case to casg,"**is measured in terms of
theory is generally good throughout. The poorest agreement is sedr, and defined by the paramete= E{"*/E, . The fitted parameters
for the lowest velocities afj=3 (v=0.031 and 0.046 where the =~ « andW are shown in Table VI, along with parameters obtained in
measurements appear slightly wider than the predictions, and at tt@milar fits of direct CTMC calculations af, .
highest velocity atqg=3 (v=0.130), where there appears to be

disagreement in the position of the curve. by fitting to such a curve and extracting the position and

width of the curve. Most of the results can be well fit by a
, gives the cross section into a fixed ener roduct staté'mple Gaussian. Hoyvever, the res_ults at the Iowest_velom-
op. G P ties are much better fit by a Lorentzian. We chose to fit them

from initial states of various energies. This is a quantity the following functi hich | tes both G .
which is analogous to the partial cross sections into variou!p the following function, which incorporates bo aussian
and Lorentzian curves as special limits:

final states from a fixed initial state. We can obtain an esti-
mate ofop from the measured ratios by multiplying by the

value of o calculated with the CTMC theory. More pre- oo(ELEp)=A] ¢ 5| +(1-c)
cisely, including several correction factors, l+4( Ei—« p)
W
fR(TT
o,=—R (12
P focascade meastired X[e_277[(Et—KEp)/W]2] ) (13)

Figure 7 shows the values ofs> which result from this esti-

mate. To within the precision of the measurements, these

measurements appear to conform to relatively simple resdHere «Ej, is the value ofE; at the peak cross sectiow is
nance curves. This provides a way to parametrize the resultthe full width at half maximum of the curve, anddeter-
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TABLE VI. Best-fit values of the parametersand W from fits of the measured,’s, and from fits of
CTMC calculations ofr, . The value ofy? per degree of freedofDOF) for each fit is also shown. The fact
that these are consistently greater than 1 indicates that the fitting function is not quite correct.

Expt. CTMC

q v (a.u) K W x° (DOP) K W (eV) x? (DOF)
1 0.10 0.915) 0.153) 311 0.972) 0.1932) 3.6
2 0.10 0.763) 0.11315) 13.7 0.759100  0.1188) 20.1
3 0.10 0.658) 0.0844) 2.1 0.635%193) 0.0935) 64.7
4 0.10 0.542) 0.0898) 11.5 0.542) 0.0717) 555.3
6 0.10 0.44214) 0.0648) 6.1 0.43612) 0.0645) 45.3
8 0.10 0.4009) 0.0514) 16.5 0.3968) 0.0464) 105.4

11 0.10 0.3577) 0.0374) 0.1 0.3594) 0.0383) 12.3
3 0.031 0.5668) 0.0195) 12.9 0.5672) 0.01696) 29.3
3 0.046 0.52415) 0.0327) 18.3 0.51812) 0.0256) 341.0
3 0.057 0.508L4) 0.04718) 14.6 0.5166) 0.0394) 145.0
3 0.081 0.56214) 0.0754) 3.6 0.57213 0.0785) 130.7
3 0.130  0.80a14)  0.13012) 7.2 0.7178)  0.1297) 125

mines the Gaussian and Lorentzian character of the curvéig. 8 was reported in Ref.7], and showed disagreement

The best fit values ok and W are given in Table VI. Also

between measurements and CTMC predictions. This appar-

shown in Table VI are the results of similar fits of the directent disagreement is due to the neglect, in R&f, of the

predictions ofo, by the CTMC theory. The fitted values ef

correction factorf . Recall thatf z represents fraction of the

and W from theory and experiment are in good agreementcharge-transfer beam which is transmitted through the repel-
The fitted values ot are of less interest. Generallywas ler. This decreases as the target binding energy decreases,
small, indicating a Gaussian shape, except at the lowest v&ince a larger fraction of the charge-transfer beam is in very

locities where it was near 1, indicating a Lorentzian shapehighly excited states which can be ionized in the repeller.

This behavior was seen both in the measurgs and in the
CTMC calculation. Table VI also gives values gf per
degree of freedom for each fit. The fact that these values are

Neglect of this factor would shift the curves representing

consistently greater than 1 indicates that the fitting function >0 A
does not reproduce the data within the stated errors. The el ‘/E ]
errors in the fitted parameters were expanded to account for zér b 48 7
the poor fit, but because of the poor fit, they should be 24 : y
viewed with some caution. 22} I B .
Figure 8 illustrates the fitted values gf plotting 1/ vsq g 20l e ‘ ]
for the measurements at=0.10a.u. Since k=E,/E{", &l N q+2Jq |
this plot illustrates the degree to which the product state ;‘“* ' 1+2/q
tends to be more tightly bound than the target state. Note that ter o 1g ]
the measurements are completely consistent with the predic- 14 - & ' ]
tions of the CTMC theory, which are shown in the figure by t2p o ® Measurement
the open squares. The measurements are similar in shape to 1ol :ér O CIMC Calculations |
the function predicted by the overbarrier mof&¥], 08 T
1 3 4 5 6 7 8 9 10 11
E, g+ 2\q 14 q
Ei 1+2\q’ FIG. 8. Fitted values of,/E{"™ for capture by ions withy

) ) ) ) o o =0.10a.u. and £g=11. The plotted value ig %, wherex is the
but clearly inconsistent with this prediction. Similarly, they parameter obtained in fits of the partial cross sectidiig. 7). The

are inconsistent with the simple anzatz suggested some timftted curves show two widely used predictions. The lower curve
ago by examination of CTMC resulf4]: shows the function predicted by the classical overbarrier model.
The upper curve shows an empirical estimate obtained by inspec-
E: \/a tion of CTMC predictions. Neither of these formulas is in satisfac-
E, ' tory agreement with the measured values. The open squares, how-
ever, are obtained by fitting explicit CTMC predictions for the
Both these convenient and often cited analytic expressiongartial cross sections analogous to the measured values to the same
are illustrated in Fig. 8, where their inconsistency with thefunctional form used for the measurements. These are in excellent
present measurements can be clearly seen. A figure similar tgreement with the measurements for all charges.

(19
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=3 and various velocities. The horizontal axis is the ion velocity in G itted val  th ) he full
atomic units where 1 a.&.ac, with « the fine structure constant FIG. 11. Fitted values of the parametéf measuring the fu

andc the speed of light. As in Fig. 8, the plotted values are Simlolywidth at half maximum of the partial cross section curves, for ions

«~1, where k is the parameter obtained in fits of the measuredOf charge 3 and various velocities. The measured results are consis-

partial cross sections. The observed behavior is in contrast to thd@nt with the dotted curve which is IL?I’(.JpOI‘tIOHf’;ﬂ.tO the velomty. The
expected from the level-crossing model of the charge-transfer rea@PEN SQUAres ShOVY the results qf fitting explicit CTMC predictions
tion, which would predict a smooth 10% increase across this ran98f the relevant partial cross sections.

of velocities. The open squares show the results obtained fro“f’he measured values are again in good agreement with the
CTMC calculations of the specific partial cross sections analogous

predictions of the CTMC theory, with the possible exception
to the measurements. . . . . .
of the highest velocity point. The nonmonotonic behavior
. o _ _ indicates that the ratio of binding energies of the product
to the right in Fig. 7, and result in an overestimate of thestate and the target state does not increase monotonically
factor 1k. _ o o with velocity, as has been predicted by considerations of the
The variation of 1k with velocity is illustrated in Fig. 9.  “reaction window” in a level crossing picture of the charge
capture reactiof18]. Over this range of velocities the reac-

0.22 — 1 tion window picture would predict a smooth 10% increase in
| 1/, which is clearly different from the observed behavior.

0.20 - I ¢ Measurement Figure 10 shows the fitted widths for the, curves at
0.18 | O CTMC Calculations | fixed v=0.10. These are seen to decrease wjtlapproxi-
o016 1 ] mately as
014+ |[. 7 0.15 eV

§ g 1 W(v=0.10 a.uy)= ———, (16)

> o1zf jF 0.150—~— - Vg

L Ja |

=3 0.10 . which is represented by the dashed line in Fig. 10. We know
0.08 | Eﬁ : of no simple explanation for this dependencemn
0.06 | ‘. :@: It is interesting to note that the analogous width in the
) e ]!t ........ product space changes very little wighif the predictions of
0.04 | ¢ gy the CTMC theory are accurate. This difference is suggested
by the functional form of our fitting functiofEq. (13)]. In
this expressionWV is the full width at half maximum in the
variableE,, but the width in the variabl&, is W/ . Since
1/k is approximatelyq®?, this suggests that the width in the
product spaceK) is greater than in the target spadg) by
FIG. 10. Fitted values of the paramet& measuring the full at_)OUt_qllz- This implies an approximately constant energy
width at half maximum of the partial cross section measurements ofVidth in the product space for the several valueg sfudied,
Fig. 7. These results are for ions with=0.10a.u. and £q<11.  and this is exactly what is seen in CTMC predictions.
The dotted curve shows that the results are consistent with'4 The variation of the width of the, curve as a function of
dependence over this range. The open squares show the results of@locity, at fixedg=3 is illustrated by Fig. 11. The mea-

similar fit of explicit CTMC predictions of the partial cross sec- sured values are consistent with a purely linear dependence,
tions. These are in very good agreement with the measurements.represented by

0.02 | T

0.00 . 1 i 1 !
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TABLE VII. Measured ratios between the amplitude of the higRESIS signal and the total charge-
transfer beantin arbitrary unitg for ions of varying charges and constant velocitywef0.10 a.u. The quoted
errors are one standard deviation estimates based on the scatter between at least eight independent measure-
ments. Column 1 gives the principal quantum numeof the F-,, state excited to form the Rydberg-atom

target.
ng g=1 q=2 q=3 q=4 g==6 q=8 g=11
7 0.72118) - — — - — E—— — o _
8 1.36335) 0.0322) 0.024) —0.0156) - — — R _

9 1.55@41) 0.11Q3) 0.28212) 0.0375) - = - = - =
10 1.76%40) 0.11%3) 0.56218) 0.1385) 0.0849) 0.0362) - =

11 1.64043) - == - = - == 0.17213 0.0956) - ==
12 1.28333) 0.0993) 0.734) 0.1915) - =) 0.2226) 0.007910
13 1.22%33) 0.0792) - — = - — = 0.30414) - — = 0.016812)
14 0.91829) 0.0717) 0.56(3) 0.18698) - = = 0.3419) 0.028116)
15 - == 0.0646) - = - == 0.23§819) - == - ==
16 —_— 0.0387) 0.423) 0.1198) —_— = 0.383) 0.02977)
17 —_— 0.028198) _— —_— 0.21916) —_— —_—
18 - — = 0.0227) 0.292) 0.09Q012) 0.1685) 0.26Q012) 0.02Q3)
20 - — = - — = - — = - — = - — = 0.1999) - — =
22 - == 0.262) 0.10315) 0.081(18) 0.10811) 0.0132)
26 - == - == 0.224) —0.01436) - = = - == - ==
W(q=3)=0.90v(a.u), (17 significant breakdown of the CTMC theory at low velocities,

as has been suggested, it occurs beyond the range of the

Again, the measured values are in full agreement with théresent experiment. In contrast, the quantitative measure-
predictions of the CTMC theory. The linear dependence ornents of this study are clearly inconsistent with some of the

velocity is inconsistent with the’v dependence predicted in clear predictions of the overbarrier and level-crossing pic-

one version of the overbarrier moddl9]. tures of the charge-capture process.

It is true that the poorest agreement with the CTMC
theory observed in this experiment is at the lowest velocities,
where the observed=3 resonances are slightly wider than

This experiment represents by far the most extensive angredicted, and at the highest velocity, where there appears to
quantitative study of energy transfer in charge exchange bpe a disagreement in shape. This suggests that further studies
slow ions on highly excited atoms. Previous studies wereat the extreme velocities should be pursued. It would be in-
confined to singly charged ions over a range of veloc[tds teresting to know if the apparent disagreemeniat0.130
or to ions of charge=8 at two velocitied3]. In contrast, for q=3 would be confirmed by a remeasurement, and if it
this study included a wide range of charges and velocitiespersists at even higher velocities. Even more interesting,
The previous studies used selective field ionization to anathough, would be extensions of these measurements to lower
lyze the final-state distribution after charge transfer, and botlvelocities. There are a number of reasons to expect that the
revealed an apparent disagreement with the details predicte@iTMC theory cannot continue to be valid at extremely low
by the CTMC theory. In contrast, this study uses lasers twelocities. Some have suggested that the onset of tunneling
fully define the energy of both initial and final states, andwill become dominant at low enough velocities, making the
finds virtually complete agreement with the predictions ofclassical picture fai[22]. Others expect that the increasing
the CTMC method. The range of validity of the CTMC importance of quasimolecular effects will make the simple
method at low velocities is difficult to assess in the absencelassical model fail21]. We can already see from the widths
of experiments or other computational meth¢a6]. It has  measured here that quantum discreteness of the allowed en-
often been assumed that the limit of validity is=v,, or  ergy levels must become a factor only at slightly lower ve-
reduced velocity: 1 [1]. This study extends to reduced ve- locities. For all of these reasons, measurements at even lower
locities as low as 0.3, with no sign of disagreement. Otheprojectile velocities would be the most interesting extension
recent experiments have also suggested that CTMC prediof this measurement. Previous studies of the total charge-
tions could be valid well below a reduced velocity of21]. exchange cross section in a region of reduced velocity below
Perhaps the simplest conclusion that can be drawn from thi$ have revealed cross-section oscillations which correlate
study is that, to within the precision of this measurement andavith multiple “swapping” of the captured electron between
over the range of parameters included, the description athe projectile and corg21]. This behavior suggests the onset
ion—Rydberg-atom charge transfer by the classical CTMf moleculelike behavior, which is expected to dominate the
theory appears to be completely satisfactory. If there is @&xtremely low-velocity behavior of charge exchange.

DISCUSSION
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TABLE VIIl. Measured ratios between the amplitude of the higiRESIS signal and the total charge-
transfer beantin arbitrary unit$ for ions of varying velocity(in atomic unitg and constant chargg=3. The
quoted errors are one standard deviation estimates based on the scatter between at least eight independent
measurements. Column 1 gives the principal quantum numbef the F,, state excited to form the
Rydberg-atom target.

N, v=0.031 v=0.046 v=0.057 v=0.081 v=0.100 v=0.130
8 - - - - 0.024) 0.2508)
9 0.0092) - 0.0198) 0.0463) 0.28212) 0.45911)

10 0.0137) 0.163) 0.0492) 0.0915) 0.56218) 0.463)

11 0.10%7) 0.304) 0.1327) 0.2016) - -

12 0.20%4) 0.664) 0.1523) 0.2616) 0.734) 0.55315)

13 0.28613) 0.873) 0.1537) 0.25714) - -

14 0.18%7) 0.894) 0.1163) 0.1986) 0.563) 0.51114)

15 0.1112) 0.793) 0.0843) 0.18515) - -

16 0.0763) 0.484) 0.0493) 0.1748) 0.423) 0.523)

17 - 0.21(3) - 0.12712) - -

18 - 0.14616) - 0.12912) 0.292) 0.42216)

22 - - - - 0.262) 0.4003)

26 - - - - 0.224) -

Whether, and how, the swapping phenomenon is reflected ipossible to populate highly excited ion states with com-
the energy distributions of captured electrons is yet to beletely well-determined principal quantum numbers by this
explored. technique.
Another direction that holds promise for future studies of
the ion—Rydberg-atom charge transfer by the RESIS tech-
nique is the more detailed analysis of final state distributions.
The L distributions in final states of neutral Rydberg atoms Eric A. Hessels assisted in the early stages of this study.
were studied by the RESIS method in R&]. Similar stud-  This work was supported by the Chemical Sciences, Geo-
ies should be possible far>1, although these will require a sciences, and Biosciences Division of the Office of Basic
higher signal-to-noise ratio than was obtained for the preserEnergy Sciences, Office of Science, U.S. Department of En-
measurement. ergy.
An intriguing application of the Rydberg-atom target used
here might be as a source of controlled initial population of
highly excited ions in other studies. Now that the energy
distribution functions have been characterized experimen- In Tables VII and VIl we present ratios between the am-
tally, they could be used as a way to create initial populaplitude of the RESIS signal and the total charge-transfer
tions of well-controlled binding energies. It might even be beam.
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