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lonization of Rydberg atoms of sodium by 366-4400 eV alkali-metal ions
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Impact ionization by singly charged ions from Rydberg Na(2dnd Na(25) states has been investigated
over the reduced velocity region=0.5-2.2. The ions of N3 K*, and Li" were accelerated to energies from
360 to 4400 eV and used to bombard the laser-excited Rydberg atoms. Electrons released in the ionization of
Rydberg atoms were collected from the collision volume and registered by a channel electron multiplier.
Measured relative ionization cross sections from Naj2#hd Na(25) states show maxima &t=1.6—1.7 and
agree moderately well with classical-trajectory Monte Carlo calculati@®®050-294{9)03709-9

PACS numbds): 34.50.Fa, 34.66:.z

I. INTRODUCTION widely used by others to obtain improved resyHs-7] at
moderately high energies. The problem of ionization of
Collisional processes are important in many areas ohtomic hydrogen by slow protons was considered recently by
physics research. The broad range of topics includes th8ahooet al.[8]. They calculated the ionization cross section
study of interaction of matter with radiation in medical pro- in heavy-particle collisions in the impact parameter formal-
cessege.g., radiation damage in biological majtand labo-  ism, considering the influence of coupling with the important
ratory and astrophysical plasma reseakel., energy loss of - hound states in direct as well as in rearrangement channels in
heavy ions in solid targets and plasmashe ionization of 5 two-centered atomic-state expansion. The relevant time-
atoms by heavy-ion impact is also of interest in relation t04enendent Schdinger equation was solved by a variational

even in relative units, are important in many applications.

The experiments reported in this paper study ionization _c. Wo-center atomic orbitalTCAO) close-coupling
P P pap y method has been successfully used in ion-atom collisions in
processes of the type

the intermediate impact energy regid0,11], where the re-
duced velocity of the projectile is of the order of unity, and
X*+Nan/)—=X"+Na"+e", (1) excitation, capture, and ionization processes are of compa-
rable importance. A triple-center atomic-state method for
whereX™ is a singly charged ion of an alkali-metal elementtreating ionization in low-energy ion-atom collision was pro-
Li*, Na", or K* (natural isotope abundangeand Naf/)  posed by Winter and Lifi12,13. This method intrinsically
is the sodium atom in a Rydberg state having principal quanaccounts for the Wanni¢i4] mechanism, in which the elec-
tum numbem and angular momenturi. The projectile ion  tron will not have been removed in a slow collision unless it
X" bombards the atorA, which is a bound system consist- js asymptotically at the point of unstable equilibrium be-
ing of the singly charged cor&™ and the orbiting electron tween the nuclei, i.e., at the saddle point.
e . The projectile iorX ™ has a velocityq,. The electron’s Among the theories that use the laws of classical mechan-
motion is characterized by root-mean-square veloefy,,  ics in calculating the ionization cross sections are the
=1/nin a.u. After the collision, the atom is ionized, and the sudden-impulse or binary encount&E) approximation, re-
electron is ejected, leaving the positive c#é behind. In  viewed by Bates and Kingstofl5], and the classical-
this paper the energy of the projectile ion is expressed ifrajectory Monte Carlol CTMC) approximation. Classical-
terms of reduced velocity, defined as the ratio of the ionrajectory methods are among the best for modeling ion—
velocity to the Bohr velocity of the electron in the Rydberg Rydberg-atom collisions at intermediate velocities. CTMC
state,v=Vion/Vgonr- calculations of the total cross sections for ionization and
The theory of impact ionization has been studied in vari-charge transfer of hydrogen atoms in a fully populated
ous models and approximations. The first Born approximashell by protons were reported by Abrines and Percival
tion (FBA) was used by Bates and Griffing to calculate crosd16,17. Olson [18] performed classical-trajectory Monte
sections for the excitation and ionization of a hydrogen aton{Carlo calculations for collisions of ions in charge states
by proton and hydrogen impalt]. Subsequent experimental =+1, +2, +5, and+ 10 with a hydrogenic target atom in
work with ionization of ground-state hydrogen by proton im- shellsn=1, 2, 5, 10, and 20. Ip19], Becker and MacKel-
pact[2] showed that the FBA was valid at high impact ve- lar used the CTMC method for ion-atom collisions in the
locities of the proton(thigh impact energy regionA treat-  velocity matching region for target Rydberg states of a given
ment of the ionization of a hydrogen atom that improves thespecificn and /.
simple first-order weak perturbation theory is the continuum- Processes involving sodium atoms as targets were studied
distorted-wave eikonal-initial statécCDW-EIS) introduced by Jain and Winter[20], who employed a two-center
by Crothers and McCanr8]. The CDW-EIS model has been coupled-Sturmian-pseudostate approach to calculate the total
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and partial electron transfer, target excitation, and ionizatiorwith respect to the ground-state data, which were normalized
cross sections. They studied electron transfer, target excitén turn to the previous absolute measurements. The absolute
tion, and ionization in collisions of protons at energiescross section for removal of Rydberg electrons from Na Ry-
1-100 keV and sodium atoms irs&nd 3 states. dberg atoms by impact of singly charged ions was measured
One of the experimental methods of studying ionization isty MacAdamet al.[31]. Electron loss, the sum of ionization
to measure the yield of electrons. Such measurements of io@d charge transfer, was detected by collecting impact-
ization from alkali metals were carried out by O'Hageal. ~ Produced Na from the target after a few microseconds ex-
[21], who studied the ionization of potassium and sodiumPOSure to the projectile beam. . o
vapor by 20—100 keV H and He ions using a modulated In that Wor_k, an important correction for excitation and a
crossed-beam technique. The absolute cross seatipfisr ~ SMall correction due to second-order effects had to be ap-
electron production were determined from the gross yield oPlied to all the results, because the authors used a 70-Vicm
electrons. The ionization data were compared with calculaPulSe to sweep impact-produced ions into the detector, which
tions based on both the FBR2] and the classical sudden- IS0 field-ionized neutral Na that had been excited by impact
impulse approximatiofi15] and with experimental data on 0 Sufficiently high states without ionization. In the present
the ionization of potassium and sodium by electron impactVork, the electrons released during ionization were swept
[23]. An experimental study of the ionization of atomic hy- INto the detector by a constant small field, which was ap-
drogen by fast H and H&" ions was performed by Shah Proximately 0.6—1.0 V/cm at the location of Rydberg atoms.
and co-workerd2,9]. The same group also reported work WWhereas a 70-v/cm field would field ionize Rydberg states
with slow H&* ions[24] and, most recently, with slow pro- from n=46 upward a 1 y/cm field would field ionize only
tons [25]. In [2] they measured the cross sections for theth0se Rydberg states witii>134. The cross section for ex-
ionization of ground-state hydrogen atoms by 38—1500 ke\£itation into bound states with>134 is negligible as com-
protons and 125-2200 ke¥ particles. In[9] and[25] they ~ Pared with the total ionization cross section, so none of the
extended the measurements of the ionization of atomic hy0ITections made in previous work were necessary. At these
drogen atoms by protons down to 9.4 keV and 1.25 kevSmall values of electric field, Rydberg atoms witk 25 may
respectively, and reported cross section measurements in the considered as being in a field-free region, and the target

energy range from 1.25 keV to 75 keV. states were those characterized by quantum numbarsd
Low-energy electron emission in proton-helium collisions” - ) o S
was studied by Bernardit al.[26,27]. They measured elec- _ Ihe work described in this paper focuses on the ionization

tron spectra for ionization of a He target by Hprojectiles ~ Of highly excited Rydberg atoms by singly charged heavy
with impact energies of 100 and 200 keV. Electrons havingons in the_ene_rgy range c_orrespondlng to reduced. velocities
energy from 1 to 16 eV were examined in Rgf7] and from ~ near one, i.e., in thg veloc!ty range near the mqtch|ng veloc-
a few eV to approximately 250 eV in RéR6]. In this region ity. The maximum in the [onlgatlon Cross ;ectlon was ob-
of electron energies, the main contribution to the ionizations€"ved to occur at a projectile energy slightly above the
process originates from “soft(or glancing collisions. They ~ Matching velocity, which is known to be the case also for
observed a forward-backward asymmetry in the doubly dif_gro.und.—sta'te |on|;at|on. Thus the propctlle energy at which
ferential cross section and a minimum at the electron ejectiofPNization is maximum scales approximately as“lalong
angle #=120°. Rudd and Madisof28] compared experi- With the binding energy.
mental and theoretical doubly differential electron ejection
cross sections in helium by proton impact from 5 to 100 keV.
They studied this energy range of protons in order to deter-
mine the limit of applicability of the FBA to this process. It ~ The ionization measurements were performed by using
was shown beforg¢29] that experimental angular distribu- orthogonally crossed projectile and target beams. A thermal
tions of electrons ejected from helium by 100- to 300-keVbeam of sodium atoms exited from a small aperture in the
protons agreed reasonably well with calculations using th€00 °C tubular Na oven into a vacuum maintained at 10
scaled hydrogenic FBA at intermediate angles. By replacingorr. The beam entered an interaction region, defined as the
the scaled hydrogenic wave functions with more realisticregion between two selective field ionizati@®FI) condenser
ones, the authors in Ref28] obtained good agreement at plates, through a collimating aperture. The experimental
small and large angles. They found that by using wave funcsetup is shown in Fig.1. Rydberg atoms were produced from
tions obtained from a Hartree-Fock potential good agreemerground-state sodium atoms in a two-step photoexcitation
between experimental data and theoretical Born calculationsear the point of intersection of atom and ion beams.
could be found at proton energies as low as 5 keV. Two pulsed laser beams were used to excite sodium at-
While the experiments reviewed above were performedms to Rydberg states. An unfocused yell¢889.6 nm
with ground-state targets, ionization measurements haviaser beam entered the interaction region at an angle of 30°
been carried out with laser-excited atoms as well. Electronwith respect to the atomic beam. A focused b(d&0 nm)
impact ionization of laser-excited sodium atoms was redaser beam entered in the direction opposite to the atomic
ported by Taret al. [30]. They measured the total electron- beam. The intersection of the two laser beams defined a vol-
impact ionization cross sections of laser-excitegh;3 ume in which the Rydberg atoms were excited during each
sodium in the energy range from threshold to 30 eV. Thesdring of the laser. The blue laser excited thedgz4 fine-
cross sections were measured simultaneously for bothtructure level.
ground-state and [8;, excited-state atoms as a function of = The planes of polarization of both beams were perpen-
electron-impact energy. Excited-state data were calibratedicular to the direction of the ion beam. Time, -sublevel

Il. EXPERIMENTAL SETUP



PRA 60 IONIZATION OF RYDBERG ATOMS OF SODIUM BY ... 2133

= CA
)

2 !;"é/“\\( e

N o]fa’l
=
<

Bottom .
Faraday ’ Yellow
Fara SFI Plate /\ Yello

Beam
Blue

Laser
Beam

Channel
Electron
Multiplier

£
/

Electron

v Multiplier Tube

FIG. 1. Experimental setup.

population(with reference to the ion-beam directioof the  the middle range of reduced velocities, from=0.7 to v

nd state may be calculated from Clebsch-Gordan coefficients- 1 2 4t energies from 500 to 1500 eV. To produce an ion
[32]. For the case of the[8, intermediate state, the popu- peam with the highest achievable reduced velocitie, Li
lation of the differentm, sublevels does not depend on the jons were accelerated to 350 eV to 1500 eV. which corre-
angle of polarization of the yellow beam. For the blue bea”%ponded to reduced velocities from 1.1 to 2.2 iéns were
with polarization perpendicular to the ion-beam direction,used only in the case of Na(@5target atoms. For target
the relative populations of differemt, sublevels of the 2 atoms in the 24 state, ions of sodium were used instead to

state are 0.1 fom,=0, 0.3 for|m, /=1, and 0.6 forjm,| i . .
~ . : ... cover the upper range of reduced velocities—in which case
=2. Thus, atoms in the 24state are mostly in a state with thev were accelerated to enerdies up to 4400 eV
the sublevelm, = *2. For the 25 target state, the entire y . gies up tc '
The deflection element of the ion optics was formed from

opulation hasn,=0. . ) . :
P ?ons emergeé from the ion source, passed through thiwo half cylinders. A high deflection voltage was applied to

interaction region, and were measured by a Faraday cup In€ of them when the ion beam was to be deflected. An exit
cated farther downstream. lonization occurred as the beam GPerture in the form of a conical shield was placed at the end
Rydberg atoms intersected the beam of ions. The Na*, of the ion optics assembly with a tip of the cone facing
and K' ions were produced from thermionic sourd@s] toward the ion beam. Placing such an aperture reduced the
and accelerated to suitable energies in an ion gun, whicBscape probability of any secondary electrons caused by the
contained ion optics for focusing, steering, and deflectionions striking the edge of the aperture. It was also isolated
This produced a collimated ion beam with a diameter 3 mnfrom ground, and an arbitrary positive potential of the order
that entered the interaction region perpendicular to the direcsf a few tens of volts could be applied to the aperture that
tion of the atomic beam. The ions were accelerated so thdurther reduced the background due to secondary electrons.

their reduced velocities lay in the range from 0.5 to 2.2, The ion current passing though the interaction region was in

where the range of a few tens of nA.
The free electrons resulting from collisions between Ry-
-~ Vi \/E(TV) dberg atoms and ions were detected individually by a chan-
v= =0.0063%* \/ —. (2 nel electron multiplier(CEM). The CEM also collected
Bohr M(amu)

background electrons that were unrelated to the collisions
) ] o under study. One source of background was ionization of
Here,n* =n— 4, is the effective principal quantum munber, Rydberg atoms induced by ambient blackbody radiation.
momentum/, E is the energy of the ion, ankll is the ion  present and varied linearly with their number. Other sources
mass. K ions were used to cover the lowest range of re-of hackground included secondary electrons from ion impact
duced velocities, fronv=0.5 tov=1.0, at corresponding on the metal walls of the apparatus and impact ionization of
energies from 400 eV to 1700 eV. Ndons were used for ambient gas in the interaction region. Backgrounds of these
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types were linear in ion current and occurred regardless oL |
the presence of the exciting laser beams. To minimize back-;a::;
grounds the CEM was totally enclosed in a cylindrical case. |
The only aperture in the case through which electrons coulc ————1———==—
enter the channel electron multiplier was one that faced thebefiection |
interaction region. ‘
A Gallileo Electro-Optics 4039 Channeltrfd¢4] was used l
in pulse-counting mode. Electrons that were released duringonization |
the ionization of Rydberg states had small energy, of theg‘(’)‘:;‘ter I
order of tens of meV to 1 eV. They were swept into the |
cylinder by a constant small electric field that penetrated into l
the interaction region. The top SFI plate had a 6-mm-§§lg§:r'ser |
I
I
I
I
|
I
I
I
I

Voltage

diameter opening, which was used to allow field penetration

and collection of electrons. Calculations performed with

SIMION [35] showed that the field resulting from the potential Ramp field
difference applied between the cylinder and the plates was
approximately 0.6—1.0 V/cm in the middle of the interaction

region, at the location of Rydberg atoms. In order to detect
the free electrons more efficiently, they were further acceler-
ated inside the CEM enclosure to energies at which the CEV
has a maximum detection efficiency. This was achieved by
biasing the front end of the CEM at a few hundred volts with

respect to ground. B S _ FIG. 2. Timing diagram.
The CEM pulses were amplified and discriminated, yield-

ing a pulse-pair resolution time 120 nsec. A height discrimi-jme t=0 sec. The average atomic beam velocity was 0.8

nator level 100-150 mV blocked most noise pulses withoutyn/, sec. The intersection of the laser beams defined the
sacrificing the overall counting rate. Discriminator pulsesSpace where Rydberg atoms were excited. This cloud, con-
(from both ionization and backgrounavere counted by a  gjgting of a mixture of ground-state and Rydberg-state Na
gated counter during a hsec interval beginning usec  aoms, was offset by 4—5 mm from the ion-beam axis and
afte_r each laser shoI, and counts were summed by the countgk o approximately 4 mm long. The Rydberg atoms traveled
during 256 successive laser shots. 4 to 6 usec before they intersected the ion beam. The impact

Following a small time delay after the laser flash, and;gnization took place as this cloud of Rydberg atoms crossed
after allowing for collection and registration of ionization {he ion beam for another 4—Bsec, during which the elec-

signals, a high-voltage pulse was applied to the top SFI platg,, hyises were counted. After the Rydberg atoms had

The resulting electric field between the SFI plates ionized the yssed the ion beam, the projectile ions were deflected, and

remaining Rydberg atoms, and their positive cores wergne high-voltage pulse was applied to ionize the remaining
swept into a discrete-dynode electron multiplier t(B&T) neutral Rydberg atoms.

through a meshed opening in the bottom SFI plate. The first 14 qiration of the gate window was set touSec in
dynode(dynode located nearest the bottom SFI plat@s e to ensure the collection of all electrons released in

kept at ground potential. This was necessary to minimiz§q i, ation events. In order to avoid noise pulses which oc-

CEM background pulses resulting from stray electrons prog e as the beam-gating voltage was switched on during
duced outside the electron multiplier, which would otherwise,y .« oN. the duration of the counting gate window was

be accelerated across the interaction region by a strong eleghortened accordingly.

tric field penetrating from the first dynode. For each ion source and for each reduced velocity from

. Thg integrated §|gnal corresponding to the total nur_nber the corresponding range the measurement sequence con-
ions in the resulting SFI pulse was used to normalize thegieq of the following. First, the background pulses were
number of ionization events to the population of Rydbergmeaqred during five cycles of 256 laser shots each with the
states. While the high-voltage pulse was applied to the SRLge peing blocked and ions being deflected away, which
plates, the ion beam was deflected away from the target ifhg ited in an averagdly pulses per cycle. Second, the

prderf to avr?id'conéaminationhof the ISFl signal E,y podsitive ulses were counted during three cycles of 256 laser shots
ions from the ion beam. Both SFI plates were biased suc ach under three different conditions:

that the net field between them was canceled except during
the high-voltage pulse. The negative potential of the plates (1) The number of pulsedl, ,, counted with both lasers
was set at 5—10 V: sufficient to rgpel stray electrons entering 4 jons ON.
the interaction region from the sides. (2) The number of pulseN, counted with lasers ON and
ions OFF.

(3) The number of pulseN; counted with lasers OFF and
ions ON.

The time relationship of signals and gates used for data
acquisition is shown in Fig. 2. All time delays were refer- Also, the integrated SFI pulse ardaand the ion current
enced to SYNC OUT of the laser system, which defined thavere measured, which resultedAq ., A_ and 1 ., I,.

SFI signal

0 10 20 30
Time (usec)

IIl. EXPERIMENTAL METHOD AND RESULTS
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TABLE I. Relative ionization cross sections for Na@4states. number of background pulsé$; was subtracted from each

SD, standard deviation. of the numberd\, ., N, andN, in 25 cycles. The SFl areas

- : A_ ./, A_andion currents, ., |, were also measured in 25
Reduced Ca o o " cycles. For each cycle the relative ionization cross section
velocityv ForK® SD ForNa SD Forallions SD  was calculated from
0.5 0.43  0.65 043 065 ) ) )
0.6 1.30 055 1.30 0.55 ion_ N N N

oc"=C, ) (©)

0.7 1.66 052 247 1.03 1.82 0.46 Acailiar Al Acal
0.8 3.37 0.53 3.71 0.67 3.50 0.41
0.9 3.77 048 395 064 3.84 0.38 whereC, is a coefficient in the rum, N’ is a background-
1.0 463 050 422 047 4.41 0.34 subtracted number of pulses, and subscripts denote the cor-
1.1 436 0.34 4.36 0.34 responding regimes under which the quantities were mea-
1.2 6.36  0.37 6.36 0.37 sured. Finally, the mean ionization cross section and the
1.3 1534 0.87 15.34 0.87 error of the mean were estimated for each ionization mea-
1.4 17.98 0.99 17.98 0.99 surement at the reduced velocity
15 20.69 1.18 20.69 1.18 For each ionization run the coefficie@} in Eq. (3) was
16 3328 1.70 33.28 1.70 assumed to be constant for all reduced velocitiesThis
1.7 32.35 1.62 32.35 1.62 constant combined the effects of various parameters of the
1.8 4313 234 43.13 2.34 experimental setup which did not depend on the ion current
1.9 19.00 1.63 19.00 1.63 and population of Rydberg states. The parameters included
2.0 19.90 1.64 19.90 1.64 geometrical characteristics of the experimental setup which
2.1 16.92 1.57 16.92 1.57 did not vary on a day-to-day basis, such as efficiency of

collecting electrons into the CEM and cross sectional area of
the ion beam, as well as variable settings which could be
Such a sequence of three cycles is referred to in the followehanged on a day-to-day basis, such as duration of counting
ing discussion as simply an ionizatieyclg meaning that it window, the CEM efficiency(controlled by the CEM volt-
is the smallest cycle of measurements which yields the relaage$, and the discriminating fraction. These factors also in-
tive ionization cross section. cluded parameters associated with the detection of the SFI
For each reduced velocity, the ionization cycle was refpulse, such as the gain of the EMT, and the gain of the
peated 25 times, which resulted in 25 values for the relativemplifier and sensitivity of the digital oscilloscope.
ionization cross sections. Such a group of ionization cycles From run to run, the coefficier€, changed because of
together with background measurement cycles is referred tadjustments in the experimental setup parameters just de-
as an ionizatiormeasurementThe mean cross section and scribed. The adjustments were necessary to maximize the net
its error estimate were calculated from each ionization measignal in each run. After adjustments were made, the param-
surement at a given reduced velocity. The measurement wasers were kept constant, and the cross sections in one ion-

repeated again for the next reduced velocity, and such gation run for allv were on the same scale, which was
group of measurements carried over the velocity range igefined by the coefficier, . The coefficient<C, area pri-
referred to as an ionizatiomn. A total of 10—15 ionization ori unknownand were determined on a relative scale by con-
runs for each target state was carried out with each of the iogjstency, as determined by a weighted least-squares fitting
sources. The total data-taking period extended over ninghethod that matches the relative velocity dependence of ion-
months and occupied approximately 160—170 h of data gathzation data.
ering time, exclusive of tests, setup, rejected runs, etc. The main source of uncertainty was the Poisson distribu-
The calculation of the relative ionization cross sectiontjon of the CEM counts. The average number of pulses col-
from the experimental data was performed as follows fonected during 256 laser shots in au&ec window was a few
each ionization measurement at reduced velovityThe thousand(between 18 and 3x< 10°). Therefore, the uncer-

50

(a) (b)

or FIG. 3. Relative cross section

a'°"vs reduced velocity for ion-
ization of sodium atom(a) in the
24d state;(b) in the 2% state.(a)
and (b) Solid circles, K data;
solid squares, Na data;(b) only:
solid diamonds, Li data. The
data points are joined by lines to
guide the eye.

20 -
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TABLE Il. Relative ionization cross sections for Na@States. SD, standard deviation.

Reduced o_ion o.ion a.ion O.ion
velocity v For K* SD For N& SD For Li* SD For all ions SD

0.5 37.43 6.01 37.43 6.01
0.6 3131 6.55 31.31 6.55
0.7 44.18 6.00 68.15 14.98 47.50 5.57
0.8 72.09 6.83 81.15 11.78 74.37 5.90
0.9 99.49 6.73 96.83 10.45 27.52 11.80 85.42 5.10
1.0 114.54 7.48 106.73 9.05 57.59 13.88 103.45 5.33
11 120.15 9.92 170.88 16.08 134.14 8.44
1.2 122.49 8.68 169.07 17.60 131.61 7.79
1.3 231.40 17.23 231.40 17.23
14 463.04 25.44 463.04 25.44
15 508.20 22.82 508.20 22.82
1.6 324.85 19.16 324.85 19.16
1.7 220.66 13.41 220.66 13.41
1.8 188.88 12.74 188.88 12.74
1.9 258.34 23.28 258.34 23.28
2.0 240.09 26.71 240.09 26.71
2.1 154.17 24.64 154.17 24.64
2.2 127.34 29.00 127.34 29.00

tainties associated with the counting statistics were between A summary of the results for ionization of Na(@¢states
30 and 60 pulses on each cycle, corresponding to relativgy the reduced velocity range=0.5-2.1 is presented in
uncertainties between 2% and 3% in the raw signals. Table | and in Fig. 83). A summary of the results for ion-

The net signal attributable to impact ionization was be-.__.. : ; ~
ization of Na(25) states in the reduced velocity range
tween 100 for 1000 total pulses and 600 for 3000 total_n ¢ 55 g presented in Table Il and in FigbB Three sets

pulses, or in terms of the signal-to-noise ratio, between 1:1(2)f data with various ions and different experimental setups

and 1.5, approximately. Due to propagation of errors in B¢, oach of the two states were combined to obtain the sum-
(3), the variance of the net signal was determined chiefly b aries

the two large valued\, ., andN, , obtained with the laser

ON. The standard deviation of the net signal count was be-

tween 50 and 80 and, consequently, the relative uncertainty IV. DISCUSSION

in ionization cross section was poor, between 10% and 50%. The comparison of the measured relative ionization cross

~ Three sets of data obtained with different ion sources folection with scaled theory and CTMC calculations for the
ionization from one state had overlapping regions of reduce@ha(zén) state is presented in Fig(a and for the Na(2§)
velocity. Upon direct plotting, they did not match because ofstate is presented in Fig(B). All cross sections are shown

the variations in the experimental condltlc(mepresentgd by on an absolute logarithmic scale vs reduced velogitfhe

C,) from one ion source to anothéfthe reason they did not measured cross sections are shown as dark circles and are

maich may be the d'ffefe_”t lon current-den_sny_proflles forscaled to match the absolute CTMC calculations by MacKel-
the three ion sources. This speculation was justified because

the Faraday cup had an aperture of 1.27 cm diameter, and /" [36] atv=1.3. , o
measured the total current, which could be spread over the '€ solid line is a calculation of total ionization cross
full aperture. The total current thus measured left undefine§ection based on a modification of the Rutherford formula
the ion current density actually passing through the cloud ofat applies to the scattering of two charged particles in the
Rydberg atoms, the quantity to which the ionization signal iscentér-of-mass system. The modified Rutherford formula
expected to be proportionl. was integrated to obtain the total cross section
Least-squares matching of the velocity dependences was 2
necessary in order to combine these three sets of data, as o :Zp_”
follows. First, the data obtained with Liions were chosen ©°CTE,
as a reference set, and data obtained with” Nans were
fitted to Li* data in the range of overlapping velocities. Where Z, is the projectile chargeT=v?%/2 is the reduced
Then, the adjusted Naset of data was chosen as a referenceenergy of the projectiley is the velocity of the projectile,
set in turn, and the procedure of weighted least-squares fiBnNdEy, is the ionization energy of the targéB7], Eq.(3.7),
ting was repeated for data obtained with Kons. Finally, ~ P- 20. Equation(4) was first applied to the ionization of H
after the fitting procedure was performed, all the data forby protons, andr,, vs reduced velocity was found. Then
ionization from one state, 85or 24d, were combined, and the results were scaled for the Rydberg state with=n
an error estimate of the mean was calculated. — 8, by multiplying the oo, by (n*)*. The reduced energy

In—

= @

ZT) 1/2
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FIG. 4. Comparison of experimental data and theory for ionization of sod@nn the 241 state;(b) in the 2% state. Experimental data
are normalized to the calculation of RE36] atv=1.3.(a) and(b) Solid circles, K data; solid squares, Nadata;(b) only: solid diamonds,
Li* data;(a) and(b) solid line, scaled Rutherford formu(®ef.[37]); dashed line, scaled CTM®Refs.[38,39); dash-dotted line, absolute
CTMC (m,=0 for 24d) (Ref.[36]); (a) only: dash-dot-dotted line, absolute CTM@, averagedRef. [40]).

of the projectile was calculated for theet H system in the  from the Na(25) state calculated by MacKellar using the
center-of-mass systenT,. ,,=v?/4, where the extra factor CTMC method are shown as a dash-dotted line in Fig).4
1/2 is due to the reduced mass of the proton-hydrogen sys- Analysis of the figures reveals that for both Rydberg
tem. states the measured maximum cross section is shifted toward
The dashed curves are the CTMC calculations of the totahigher reduced velocities relative to theory. In Figa)4the
ionization cross sections for H-H collisions by Olson maximum of the relative ionization cross section is at re-
[38,39 scaled by 6*)*. The energies of the protons in keV duced velocity 1.6—1.7. Interestingly, the scaled CTMC data
were converted to reduced velocities, amg, values from  have a maximum av=1.55, whereas the CTMC calcula-
[38,39 were multiplied by (*)*. tions performed on Rydberg statddacKellan have a maxi-
MacKellar[36] and Homarj40] performed CTMC calcu-  yym aty=1.35. It may be due to the fact that only the
!at|ons for the ionization cross sepuon pf Na Rydberg atom%/:o sublevel calculation of 2Z#was presented. The cal-
in 24d and 25 states by protons in the intermediate reduced;jation of the total ionization cross section by Homan
velocity region aroundv=1. MacKellar's calculations for [dash-dot-dotted line in Fig.(8)] was carried out only up to

the m,=0 sublevel of the Na(2) state are shown as a {1 » |t remains to be seen how the total ionization cross
dash-dotted line in Fig.(4). [Homan also calculated the ion-

ization cross section from then,=0 sublevel of the
Na(24l) state of Na in the reduced velocity range=0.7
—2.0. Homan’s calculations are not plotted since they are ACKNOWLEDGMENTS

almost identical to MacKellar'$.Homan’s calculation for We would like to thank Carrie Creasey for helpfuiion

the m,-averaged cross section of the Na@4state in the calculations. This work was supported in part by NSF Grant
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section would behave around=1.4—1.6.
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