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Intramultiplet mixing collisions have been investigated using polarized pleg@oms with a well-defined
initial relative velocity, i.e., two initial-state vectors. By analyzing the final-state center-of-mass velocity with
a (Doppler-detunedprobe laser with a well-defined polarization and detecting the laser-induced fluorescence
we measure the differential cross section and the polarization of the final state, i.e., two final-state vectors.
Measurements have been done at a collision enErgy0 meV, for both thexr; and ag (Paschen numbering
initial states. For the elastie;— «- collisions the experimental results are strongly hindered by the undesired
response on elastic scattering of the metastable $/8P3) state. Inelastic collisions have been investigated
for the g state, that forms a closed level system with the metastable \#g state. For thewg— ag
transition experimental results are presented for both parallel and perpendicular orientations of the polariza-
tions of the pump and probe laser, respectively, as well as for circular polarizedr{) and (@*,07)
configurations. The experiments are compared to a full quantum-mechanical coupled channels calculation of
the scattering process, using the model potentials of Hennecart and Masnou-Seeuws as input. The output of this
calculation is combined with a density matrix description of the initial- and final-state polarization. Both shape
of the differential cross sections and their relative scaling for different laser polarizarion configurations agree
well with experiment. This gives strong support for the quality of the model potentials used.
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PACS numbd(s): 34.50.Pi

I. INTRODUCTION mechanical calculation is hard to perform for these systems
since accurate potential information is very scarce.
The study of alignment and orientation in atomic colli- The two-vector correlation experiment of the intramultip-

sions has yielded an enormous wealth of detailed informalet mixing process
tion on the mechanisms and dynamics of collisional excita-
tion and energy transfer. Complete information requires
additional detection of the polarization of the final state after Ne(3p,a;) + He—Ne(3p,a;) + He+ AE (1)
the collision. In principle both atomialignment(i.e., sym-
metric population of magnetic subleveland orientation
(i.e., asymmetric population of magnetic substpiesn be has been studied in detail in the therrhid®] and superther-
determined1-10]. In favorable cases a complete set of col-mal [20] energy range. The short-lived initial Negfv;)
lision amplitudes for the coherently excited atomic statesstates ¢=20 ns) are produced by laser excitation from one
including their relative phases, can be derij&l Such a of the metastable Ne€} states,P, or 3P,, which account
study brings experimental results much closer to a theoreticdbr an excited fractionp~10"° of the total atomic beam
study, which may reveal important features of the potentiaflux. Therefore the densities of the initial Ng{B states are
curves[11-1§. much smaller compared to alkali-metal-atom densities avail-
Generally, experiments with a numberof controllable  able for excitation. By measuring the fluorescence intensity
vector quantities such as relative velocity and alignment opf a decay transition for both the initial and final state,
orientation of atoms are calladvector correlation measure- polarized-atom cross SectiOHQM‘l can be determined
ments[2]. Polarized-atom collision experiments where the[19,20. Here M; is the magnetic quantum number of the
initial relative velocity and initial alignment or orientation electronic angular momentuih of the initial state with re-
are controlled are typical examples of two-vector experi-spect to the initial relative velocity; . Both a semiclassical
ments [19,20. Combining these two-vector experiments and fully quantum-mechanical analysis result in theoretical
with final-state analysis with respect to the alignment and/ocross sections which are in good agreement with the experi-
final velocity results in three-vectd#—6] and four-vector ~mental datd19,20. Although the experimental signals are
[21] correlation experiments. rather small, the advantage of the system in@glies in the
Many three- and four-vector correlation experiments haveavailable accurate potential informatip®2—24, in contrast
been performed for systems with an atom excited directlyto the excited alkali-metal-atom ground-state noble gas sys-
from the ground state, such as Na, Ba, and Ca, colliding withems.
rare gasef4,5]. Because of the large experimental signals it  In this paper we focus on a pump-probe experiment per-
is possible to resolve the final states with respect to finaformed on the collision process of Efl). The following
velocity or final orientation or alignment. A quantum- pump-probe scheme is used:
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FIG. 1. Scheme of a general pump-probe experiment. The pump
has been chosen such that the decay fluorescence of tbi%erexcites the Neg3 state to the Ne(B, ;) state. The collision-

Ne(4d) state @4~530 nm) is isolated from decay lines ;,qceq final state Ne(@a) is probed by exciting it to a state in

from other multiplets § =580—-670 nm). Moreover, the de- e Ne(4l) multiplet with a probe laser and measuring the fluores-
cay lines of the Ne(d) state have large branching ratios cence an,.

(>60%) which make them suitable for the LIF technique.

In this paper we focus on two types of scattering pro-tem. In our case, the second laser beam probes the final
cesses(i) elastic collisions forr;— a7 and(ii) inelastic col-  Ne(3p,a;) state by exciting it to the Ne@) level. From the
lisions for ag— ag. In principle, four vector parameters can decay fluorescence of the Ne{¥state information about the
be examined in the experiment; two velocity vectdd,v;  magnetic sublevel distribution for the final Ne{3y) state
the initial relative velocity and2) v the final relative veloc- s obtained. The pump-probe scheme is depicted in Fig. 1. In
ity, of the colliding particles and two alignment or orienta- thjs setup the initial Ne(B, ;) state is selected by the pump
tion VeCtorS(3) Epmp the polarization vector of the pump laser Q\pmp); the Wave|ength of the probe |asé{'p(b) deter-
laser used to prepare the initial state d4HE,, the polar-  mines which final state is analyzed. We label the N#(3
ization vector of the probe laser used in the LIF detectiongtate with|p) and the state coupled by the probe lasefdyy
scheme. In our crossed beam experiment the initial relative The final state has a total angular momentum qunatum
velocity v; is well defined. The final velocity is detected pnyumberJ in the range 8J<3 for which different probing
through a Doppler detection scheme which is combined withschemes are possible. In Fig. 2 we show the possible probing
the LIF scheme. Using polarization rotators the polarizationgchemes for a=1 final state with a linearly or circularly
of both lasers can be controlled. The number of controllablebmarized probe laser. By saturating the probe transition,
parameters in this four-vector experiment can be very larg&ach of the probed magnetic sublevels of the final state is
To limit the number of measurements we use fixed lasefetected with equal probability. Obviously, the transition
beam directions in our setup: the pump- and probe-lasej_.j4 1 probes all magnetic sublevels and cannot provide
beams are counterpropagating, perpendicular to the initigdlignment or orientation information of the final state. How-
relative velocityw; . . _ ever, using thed—J andJ—J—1 transitions, different sub-

In this paper we present experimental data on the finalsets of magnetic sublevels are excited and combinations of
state analysis of the intramultiplet mixing process in B9.  these two probing schemes enable us to extract more infor-
On the basis of two processesy;—a; and ag—ag, We  mation than either probing scheme separately. Using circu-
investigate the feasibility of a final-state analysis for short—|ar|y polarized light, the asymmetry in the probed magnetic
lived Ne(3p) states. Section Il will deal with the final-state syplevel distribution gives information on the orientation of
analysis where the LIF detetection scheme is combined witlhe final state.
the Doppler probing technique. The experimental setup is |n the configuration described in this paper the pump- and
described in Sec. Ill. In the same section the implementatior@robe_|aser beams are counter propagating, perpendicular to

of the pump and probe lasers is discussed. The Doppler profne initial relative velocityv; as shown in Fig. 3. In the case
ing technique is calibrated by applying it to elastic scattering

f

where the Ne(B) fine structure levels are denoted by the
Paschen numbering i,fe1,...,10). The final state
Ne(3p, «s) is probed with a laser-induced fluorescefick-)
technique which is combined with a Doppler probing scheme Ne(3s)
to resolve the final-state velocity. This pump-probe scheme

Ay
A

of metastable Ne(8 states. The results of this calibration 0 10 1 2101 2
are presented in Sec. IV. In Secs. V and VI the four-vector TC T T—T —————
experiments for elastic and inelastic scattering are discussed, _1_ 11 l J_
respectively. In Sec. VII the experimental data are compared 101 -101 -101

with theoretical simulations based on a fully quantum- 0 10 1 2401 2
mechanical coupled channels calculation. Finally, in Sec. IX + - -
concluding remarks are given. O /j- jj-f
1071 401 101
Il. FINAL-STATE ANALYSIS J=12d4=0 J=13J=1 J=1—J=2

A. LIF technique i .
) ) ) ) ) FIG. 2. Probe schemes forJa=1 final state for linearly polar-
Information about the final-state orientation and align-ized (=) and circularly polarizedo) light, respectively. Only the
ment is acquired using a LIF technique, which has been deschemes withl ;<J; give information on alignment and/or orienta-

scribed in more detail by Smitét al. [5] for the Ca-He sys- tion.
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FIG. 3. The configuration of the linear laser polarizations. The
polarization vectors€,,, and E,, of pump and probe lasers, re-
spectively, are rotated over anglés and 3, in a plane perpendicu- Sor =Ko Uy
lar to the propagation direction of the lasers.

ol / | probe
/é ’

m

FIG. 4. Newton diagram for an elastic collision. The initial Ne
of linearly polarized laser beams the polarization angles velocity in the center-of-mass coordinate system is indicategd, by
and 3,, defined with respect to the initial relative velocity The shaded ring represents the velocity class which is resonant with
v;, can be varied using/2 plates. The linearly polarized a laser with detuning,,,. The left-hand side shows a view perpen-
configurations 34, 8,) that we investigate consist of a set of dicular to the collison plane£=0), the right-hand side parallel to
parallel polarizations(0,0) and (/2,7/2) and a set of per- the collision plane é=7/2).
pendicular polarizations: (6/2) and (w/2,0). In the case of

cirgulai p0|§fi2§ti0n two configurations are possible:range ¢, x+ A x) together with the corresponding resolution
(o07,07), (¢7,07). Combinations of linear and circular po- of the velocity componenty), . For a typical thermal en-

larizations have not been investigated. ergy E=70 meV elastic collision, the relative velocity is
1800 m/s. The final velocity; of the Ne(J) state is 340
B. Doppler probing m/s. This translates in a detuning rangeA .

The LIF probing scheme can be combined with a Doppler=1-1(2m) GHz in case of the typical 593 nm probe-laser
technique to resolve the velocity component of the final statdght. If & narrow-bandwidth dye laser is used, the natural
in the probe-laser beam direction. The velocities of the Ndinewidth I'~10(27) MHz determines the maximum ob-
and He atoms are shown in a Newton diagram in Fig. 4@inable resolution of approximately 08, which cor-
together with the initial relative velocity, . The final veloc- responds to a velocity resolutiakw,~7 ms . For high la-
ity u; of the Ne(3,a;) state in the center-of-mags.m)  S€r intensities power broader_nng may reduce this resolution.
system has an arbitrary direction resulting in the so-called™r the transitions we study in this paper, the probe param-
(in)elastic scattering sphere centered around the c.m. velocifters are listed in Table I.

v.m. The radius of the scattering sphere is given by Because the laser beam direction does not coincide with
the relative velocity vector, the top angledoes not correlate
Mye with a unique scattering angle defined with respect to;
ug= Mot m_HeUf ' 3 (i.e., thez axig). These angles are depicted in Fig. 5. For top

anglesy>0 the resonant particles correspond to scattering
with v; being the final relative velocity. Depending on the angles8,,<8<w— 6,,, with 6,,= 7/2— x. The differential
sign of AE in Eq. (1) the radius is smaller than, equal to, or cross section in the directiofl cannot be directly derived
larger than the initial relative velocity; . In Fig. 4 the situ- from the signals measured as a functionyoOnly for x=0
ation for an elastic collision is shown. The particles which (probing the “pole cap’} does the measured signal directly
are probed by thed,-detuned laser beam have a well- translate into= /2, albeit with a rather poor resolution.
defined velocity component with respect to thexis (laser ~ For other angleg the following relation between scattering
beam axis This results in the so-called “Doppler cone” angleé andy holds:
with a top angley which depends on the laser detunifig,
through the Doppler detuning .
6(x,{)=arccosgsiny co¥), (6)
Oprb= Kprb* (Ve.m + Up) = Awe m + Ky €O X ), 4
TABLE I. Probe parameters for the,;— « elastic andvg— ag
with k., being the wave vector of the probe laser beam. Hergnelastic transitions in the Negd multiplet.
we have taken into account the transformation from the c.m

frame to the laboratory frame. The center-of-mass contribu- a7— g ag— ag
tion Aw. . is equal to zero because the laser beam is aligned

perpendicular to the two atomic beams. The detunipg ~ AF (MeV) 0 21

and the angley are related by vy (M9 2010 1680

u; (m/s) 335 335

Sprb= KprbUsCOY X) = A 010,COK ). (5) us (m/s) 335 280

N prp (M) 593 583

The linewidth vy, of the probe laser and the natural line- Ay, .. (27 MHz) 564 484

width I',,, of the probing transition result in a finite angular
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TABLE lll. Wavelengths in nm for the pump transitions of the
metastable Ne(8§ states to a Ne(J, o) state.

Ne(3s) Ne(3p,as) Ne(3p,a;) Ne(3p,ag) Ne(3p,aq)

P, 653.288
°p, 594.483 621.728 633.443 640.225

lasers,(ii) we have to be able to single out the LIF wave-

length Ay (Fig. 1) with narrow-band interference filters in

order to suppress competing fluorescence signals produced in

the Ne-source or in the collision procesd,) the lifetime of

the upper statéd) must be comparable to that of thp)

state to guarantee sufficient fluorescence signal when saturat-
FIG. 5. Three-dimensional view of scattering sphere with theing the |p)—|d) transition, and finally(iv) the branching

scattering cone betweed,(9+ A §) and the Doppler cone between [atio must be large for the studied decay transitiag)(to

(X,X+AX)_. The top ang!eéﬂ,qﬁ) and_()(,g) are defined with respect produce sufficient signal.

to thez axis and they axis, respectively. Based on these criteria we have selected the

where ¢ denotes the azimuthal angle about the laser prob®le(3p) —Ne(4d) transition for probing the final Ne(®

axis (y axis). states. Due to the large energy gap betweennthand a

states the decay lines of the Nel4— a4 transition are lo-

C. Pump-probe laser considerations cated around 534 nm and can be separated out easily from
the other decay lines. This makes them suitable for detection
without being disturbed by laser light or decay lines from the

Two different laser systems are available for our experi-Ne(3p) multiplet. In this paper we limit ourselves to the
ment, (i) a dye laser using Rhodamine-DCM dyes dinla  probing of the final states Nef3a;) and Ne(3,ag). The
diode laser with weak optical feedback. transition lines from thex; and ag states to the Ne(d)

The performance of these two systems is given in Tablenultiplet are listed in Table 1V, together with their branching
Il. The pump laser excites either tH@, or 3P, state of the ratiosA,;/A,. The large branching ratios of the subsequent
Ne(3s) configuration to one of the fine structure states of thetransitions to thex;q state make them suitable for the LIF
Ne(3p) multiplet. The pump laser is frequency stabilized by technique. All the probe line wavelengths are easily attain-
optimizing the absorption in a Ne discharge. For a dye lasemble with a dye laser. The linewidth of the probe transition is
extra attention has to be paid to the alignment of the laseapproximately 2@®@#w) MHz, determined by the lifetime of
beam due to its narrow linewidth. This is extensively dis-both the|p) and|d) states.
cussed in Ref[19].

The transition wavelengths vary in the range IIl. EXPERIMENTAL SETUP
588 nm<\<744 nm. For the initial states we will concen-
trate on the wavelengths listed in Table Ill. These fine struc-
ture states can be excited with a dye laser operating on To analyze the final states of intramultiplet mixing colli-
Rhodamine 6G or DCM. Two different diode laser systemssion processes we use the experimental setup used previ-
are available for Ne excitation:\,,,=653 nm for  ously for total cross section measurements. In this paper we
(®Pg— a7) and\ pypy=633 nm for 8P,— ag). For the tran-  briefly review the apparatus, for details the reader is referred
sitions in this paper we use a diode laser for prepating to Refs.[19, 20. In Fig. 6 a schematic view of the crossed
states and we use a dye laser for exciting the Ng,) beam apparatus is given. The scattering center is formed by
states to one of the,, ag, or aqg States. the intersection of the Ne beam, the He beam, and the pump-
laser beam. The metastable Ne]&toms are produced in a
thermal discharge sourde5]. The He beam is obtained

To select a probe transition we must meet the followingthrough a skimmerless supersonic expansion. Fluorescence
demandsii) the wavelength\,,, must be attainable by our of the initial and final Ne(®) states is efficiently collected

1. Pump laser

A. Crossed beam apparatus

2. Probe laser

TABLE Il. Performance of the ring dye-laser system compared to the diode-laser system.

System Dye laser Diode laser

\ range 550-660 nm ~630, ~650,~670, 750—-850 nm
Linewidth <10 MHz 20-100 MH2

Power >200 mwW <10 mW

Frequency drift <10 MHz/mirP <100 MHz/mirf

o strong optical feedback.
bLocked to internal frequency reference.
°Not locked to external frequency reference.
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TABLE IV. Wavelengths for the probe transitions of Ng(3¢;) to the Ne(4l) (K), states in the notation
of jI coupling. The corresponding branching ratiyg/A, are indicated as well.

a1 (K) Ne(3p, a7) Ne(3p, ag) Ne(3p, a10)

vANj
Ne(4d) N\ (nm) Aui 1A (%) \ (nm) Avi /A (%) N (nm) Aui /A (%)
4d(3/2), 591.903 3.3 581.662 1.7 533.078 44.3
4d(1/2), 593.175 0.0 582.891 2.6 534.109 63.7
4d(1/2), 593.446 9.3 534.328 74.4

by a parabolic mirror and focused onto a photomultiplier.total transmission probability for reaching the scattering cen-
Wavelength selection is realized using narrow-band interferter is expressed in a factd; which is defined by

ence filters. Absolute values of the cross sections can be

determined because the relative detection efficiencies for the jo vi(X)

initial- and final-state fluorescence are known. Due to the T=
small dimensions of this atypical crossed beam apparatus

with its efficient photon collection we can achieve typical
count rates of 19 (counts/s)/& for the two-vector correla-
tion experiment of the intramultiplet mixing processes of Eq
(1). Typical performance conditions of the apparatus ar

given in Table V. Ne(3s) states with the He beam upstream of the pump-laser
The velocity distribution of Ne atoms produced by the bea(1m)is denoted blg, which is typ[?callyls~2 mmpin OFL)”

thermal discharge source is determined through time-of-
flight (TOF) measurements. In the compact crossed bearﬁpparatus. The flux of unscattered metastable BlegBoms

setup we use a laser chopper. With a flight path of only 10@!Mving at th_e- scattering center is dgnotedbe. The value
mm the TOF experiment requires small time channelLf this quantlt)_/ can be estimated using Table V. T_he flux of
(7=20 us). The result of a typical measurement is given inN€(3s) states is given b= ne(s){2scafl i » from which we
Fig. 7. From the analysis of these data we find an averagind Ng~1.1x10° s™%.
velocity (vye)=960+30 m/s and a characteristic velocity =~ The Ne(3¥) states are excited to the initial Nggp state
spreada =380 m/s. Combined with the He beam velocity with an efficiency f,,,. Taking into account the natural
distribution we find for the average relative velocity abundance of thé’Ne isotope(90%) together with the sta-
(v{Y~1800 m/s and the corresponding average collision entistical distribution over the magnetic sublevels results in ef-
ergy is estimated atE)=70 meV.

The Ne(3) beam, traveling in the direction, is attenu- TABLE V. Typical performance conditions of the experimental
ated by elastic scattering with He atoms. The probability forsetup.
elastic scattering in travel distance X+ dx) is given by the
productn,(r)dxQ®, with ny, the local He beam density and Name
Q°® the effective total cross section for elastic scattering. The

nHe(X)QEId X. (7

—® Ne

To obtain optimal collision-induced fluorescen@5] this
‘transition probability is taken close g~ 1/e by regulating
&he He beam density,.. The interaction length of the

Quantity  Typical value  Units

Atomic beams

Ne(3s) beam intensity I ygas) 9x102  stsrt
Source-scattering center L 100 mm
distance
Solid angle acceptance Q. 4x10°4 sr
of Ne beam
Ne flow velocity Une 960 m/s
Speed ratio S=vla 25
He velocity Uhe 1800 m/s
He density nHe 1x 1070 m3
Transmission factor T 1/e
Initial relative velocity Ui 2000 m/s
Average collision energy E 70 meV

50mm detection for Ne(d) line
Photomultiplier Nge 0.15
FIG. 6. Schematic view of the crossed beam apparat8ps. ( Quantum efficiency
Ne(3s) metastable atom source®() beam-defining apertur@i-  Collection efficiency os 0.40

ameter equal to 1 mm(O,) extra aperturgdiameter equal to 1 of optical system

mm); (O3) skimmer (diameter equal to 0.5 mm(M) parabolic  Filter transmission Tt 0.6
mirror; (B) beam dump; ) nozzle; F) interference filters; I() Branching ratio Al A 0.6
collimating lens; P) photomultiplier.
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a) b)

ficiencies f pm,=0.15 andf 5, =0.75 for the 3Py and °P,

states, respectively. Hence the flux of initial Npj3states is
given by o m vo x0
Np=fpmgNs- ®) “
- aQ M2 o MT
Because of the short lifetime= 20 ns of the Ne(B) states, gt —- )__5 qt +
the life path is onlyl ,=20 um, which results in a much He He
smaller collision probability than for the Neg3 states. SDK/@ > Ne 05 0t SDK/@ > Ne

The maximum resolutiol w/A w,;,~0.01 in the final
velocity component decreases the performance of FIG. 8. Schematic view of the pump-laser setup. For elastic and
10° (counts/s)/ R for the total cross section for intramultip- inelastic collisions we use seti@ or setup(b), respectively(s) Ne
let mixing to approximately 10 (counts/s)fAfor the metastaple sourcédll) diode laser{gd) gas discharge;xt ¢) com-
velocity-resolved differential cross section. Therefore an adPuter adjustable mirror;N(2) half-lambda plategt) Glan-Taylor
equate suppression of background signal caused by scatter@gfarizing prism; ) dye laser tuned atPo— ay transition; ()
laser photons and photons produced in the Np@@urce is Y€ laser tuned atPo— ay transition.
necessary. Because of the large separation of the selected
fluorescence lineNy=530 nm) from other decay lines we used to enlarge the lasing range such that the desired wave-
planned to use a 10 nm broad transmission filsee Table length can be reachd@7]. The laser is frequency stabilized
IV). The detection efficiency for collecting light from this by maximizing the laser beam absorption in a Ne rf dis-
decay line is given bynge= 74e70sTritAki/Ax @and can be charge using electronic feedback on the laser diode current.
determined using Table V resulting ipye=2x10"2. The linewidth of the diode laser is measured in a frequency

The Ne(3) source causes a huge background signal ogcan where we monitor fluorescence of the Ng(3tate.
180X 10° (counts/s) in combination with the 10 nm trans- Taking into account the geometrical beam divergence and
mission filter, thus far exceeding the expected differentiathe natural linewidthl’=8(27) MHz we find an effective
fluorescence signal. Using a beam-defining aperture in frorinewidth of y.=50(27) MHz, reflecting the broad line-
of the parabolic mirror(O, in Fig. 6) this background was width of the laser diode. The experimental setup of the diode
reduced to 1®counts/s. Apparently, light emitted from the laser is shown in Fig. @).
source enters the detection system through reflections in the For populating one of the initiak,, ag, or ag States we
apparatus. This background is further reduced to 20®se a cw dye laser which is stabilized on the absorption in a
counts/s by painting parts in the detection chamber black antde discharge cell. The laser beam is transported through a
by installing an extra aperture with 1 mm diameter betweersingle mode optical fiber to preserve the linear polarization.
the skimmer and the downstream aperture in front of theThis is shown in Fig. &). The polarization of the pump
parabolic mirror(O, in Fig. 6). Because light is also being laser is rotated by a/2 plate. Nonlinear components are
emitted in the Ne expansion downstream of the skimmergliminated by a Glan-Taylor prism.
this extra aperture prevents these photons from reflecting in When we study the inelastic transitieny— ag, an aux-
the parabolic mirror. The remaining background is furtheriliary laser beam is used for populating the finaj state
reduced to 50 counts/s usim 1 nmbandwidth transmission directly by exciting theP, states. This facilitates the stabi-
filter. lization of the probe-laser frequency to the desired transition

line, which will be discussed in Sec. VI. This additional laser
B. Pump laser beam is blocked during the actual collision experiment.

A temperature- and current-stabilized diode laser is used

for populating the initiale; state. Weak optical feedback is C. Probe laser

The probe-laser setup is schematically shown in Fig. 9.

32 We use a standing wave cw dye laser locked to the transmis-

)
S 30} probe

8 He

o ot 1 )

S ‘ pol

=26p

- M2

0 100 200 300 fiber
flight time (us)
FIG. 7. Typical time-of-flight measurement for Nef)3atoms FIG. 9. Schematic view of the probe-laser setigye) standing

performed with a flight path. =100 mm. From this we derive a wave dye laser(fp1) monitoring @alon with 150 MHz FSR(fp2)
flow velocity (v)=956 m/s and a characteristic velocity spread temperature-stabilized lockingaton; (\) wavelength meter;N/2)
a=384 m/s for the velocity distribution. half-lambda platégt) Glan-Taylor polarizing prism(pol) polarizer.
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sion profile of a temperature-stabilized Fabrydegalon. 0,, (degrees)
By piezoelectric regulation of thistaon, the dye-laser fre- 1 2 1 2
guency can be tuned over a range (2@ GHz. Recording

the fringes on a 15@7) MHz monitoring ‘¢alon provides a
calibration of the frequency scale. The drift of the laser fre-
guency is less than(2w) MHz per minute, which is small in
comparison with the probe transition linewidth of (2@)
MHz. For accurate alignment, the laser beam is transported
through a single mode optical fiber from the dye laser to the
apparatus.

Absorption of the probe-laser beam in a Ne discharge is
impractical to optimize the laser frequency of the probe laser
due to the small Ne() population in the discharge. There- - & o
fore we use the Ne(® states produced in the scattering 1 2 10 20 100 200
center for finding the probe wavelength. In the case of the 5 (@n MHZz)
inelastic collision experiment an auxiliary laser is used for pmp
populating the final Ne(p) state with subsequent optimiza- FIG. 10. Direct fluorescence for the elastic scattering of
tion of the probe Wavelen_gth. Wg monitor the quorescencq.\le(?)p"3PZ)'States as a function of the detuniag,, with the He
from the Ne(4l) state while making a scan of th_e_ pro_be'_beam switched or(filled marker$ and off (open markers The
laser frequency reference. Once the probe transition line if,grescence for the He beam switched off is scaled with the attenu-
found, the laser frequency is locked to the temperatureation factorT; = 1/e. The solid line represents the model function of
Stabilized mlon W|th a Sma” dr|ft KS MHZ/m|n) USing a Eq (_’]_]_) for classical small ang]e Scattering_
piezoelectric detuning of this cavity, we can fix the laser
detuning to its desired valug,,. During a measurement the mission(or beam attenuatiorof T;~30%. For comparison,
probe wavelength is optimized periodicalgvery 10 minto  we show the signal with the He beam switched off multiplied
compensate for the frequency drift of the probe laser. by the same attenuation factof;. For a detuning

The probe-laser power in the collision experiment is ap-§,,,>20(2m) MHz the small angle scattering of the Ne)3
proximately 3 mW, which is sufficient to saturate the probestates contributes significantly to the observed signal.
transition. The waist position and size of the probe laser are  The small angle scattering t) states is in good approxi-
chosen such that a good overlap with the pump laser igation determined by the long-range part of the attractive
achieved. The waist size of the probe laser is typically 2 mmpotential[ 28,29, which is given by
whereas the waist size of the pump laser is only 1 mm. The
polarization of the probe laser is rotated with & plate and V(r)=—Cg4/RS, 9
subsequently cleaned up by a Glan-Taylor prism.
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with R being the internuclear distance. For scattering angles
IV. DOPPLER PROBING 6< 6y, with 6y=(4m/k*Q)Y? a quantum-mechanical scal-
OF Ne(3313p0,3p2) ELASTIC SCATTERING ing angle, diffraction phenomena dominate the differential
cross section. In our case whefig~=4 mrad, this region is
Applying the Doppler probing technique to the fif@)  not relevant. Forg> 6, small angle scattering is fully de-
states is not trivial due to the small final-state populationsscribed by classical mechanics, i.e., the equivalent of refrac-
produced in our collision experiment. A suitable system fortion. For aCg4 potential the differential cross section is re-

testing the Doppler probing technique is elastic scattering ofated to the scattering angle 28]
|s) states which are scattered over their full interaction

length with the supersonic He expansion. From the transmis- a(0)/0(0)=0.2856/6,) " (6> 6,), (10
sion probability T;~1/e in Eq. (7) it follows that approxi-

mately 70% of thés) particles are scattered by the He atomsWhereo(0) denotes the forward scattering cross section.
before reaching the scattering center. Thestates are ex- ~ The measured signal is proportional to the integral of this
cited to|p) states using a tunable pump laser. The decaylifferential cross section over the Doppler cone with top
fluorescence of thgp) states is measured as a function of the@ngle x, as indicated in Fig. 5. Using Eq5) and (10) we
detuning 8,m, of the pump laser. The relation between thederive in Appendix A an expression for the detected signal
detulmngapr{,p aEnq(zSt)he top anglg of the “Doppler” cone is

analogous to Eq(5). _

We use the tunable dye lasarsed as probe laser in a SOpmp) = C(¥err: Nren )
pump-probe experimento excite the*P,— a, transition. ) . _
The effective linewidthy.; is mainly determined by the where the scaling constaﬁt contains se_vere_ll expenmgntal
natural linewidthl" and only to a small extent by the laser Parameters. Note that this approximation is only valid for
linewidth y,mp,and the geometrical divergence of the Ng(3 (7/2—x)<0.5(rad where it is accurate within 1%. The top
beam. We measure the decay fluorescence ofihetate as anglex is written as
a function of the detuning,,, with the He beam switched on

and off, respectively. The result of such a scan is plotted in X(5pmp)=arcco% 5pm;;), |Somd <Awmax (12
Fig. 10. With the He beam on, we have an effective trans- Aoy

—4/3

a
E_X( 5pmp) , (11)
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4d(1/2), 4d(172), into account théM | dependency of the scattering process.
|d> ny s We start out by analyzing the desired process, i.e., the
@ He g?’éﬁm 7 probing of elastic scatteregh) states. This process is sche-
@ Ag matically depicted in Fig. 12. In the scattering center we
P> = 7 X have fluxN,; of |p) states given by Eq@8). The collision
:‘g;:; He e rate N, () is determined by the effective density-length
d L product
s> - — . .
» A® Np,f(ﬁprb):nlro.p((sprb)Np,i1 (13)
0 3,

" wherel .=v; 7 denotes the “life path” of the short-lived state

FIG. 11. Pump-probe scheme for the elastic— a- transition.  and o (6, is the differential cross section for scattering
The dashed arrows 1 and 2 indicate competing excitation processé@sto the Doppler cone about the probe-laser beam with top
which contribute to the signal. angle x(Spn), as defined in Eq(5). These final states are

resonant with the probe laser. Therefore they will contribute
where we used Ed5). In Fig. 10 the experimental data are {4 the desired LIF quorescencfdaE,F with the maximum ef-

plotted on a log-log scale together with the model function Officienc which depends on the lifetimes of the) and
Eq. (11). For a detuning corresponding with angtgsin the Y mas P he)

range 0.03 §,,(rad< 0.5 there is very good agreement with
the relation of Eq(11). A background of approximately 30
Hz is subtracted. Obviously, the Doppler technique probes
the 6~ character of the differential cross section. We con- The total LIF signal including the two competing pro-
clude that the Doppler technique works very well and can b%esses is given by

utilized in our proposed pump-probe experiment.

|d) states,

N Sorp) = TmasNp 1 Sorp) - (14)

o "
NLp=Nipt+ Nt Nig-
R

undesired

V. Ne(3p,a;) ELASTIC SCATTERING
A. Measuring scheme

The excitation and detection scheme fof— a- elastic ~ The two competing processes depend on the laser polariza-
scattering is shown in Fig. 11. We us@ g,,= 653 nm diode  tion configuration because no scattering occurs during the
laser to excite théP, states and a dye lasergg,=593 nm  time interval between the pump and the probe processes.
probes thea, through excitation to al;=0 state of the When using perpendicular laser polarizations for the
Ne(4d) multiplet. This J;=0—J,=1—J4=0 scheme fa- Js=0—Jp,=1—J43=0 pump-probe scheme or parallel po-
cilitates the analysis. The decay line of the Nej|4tate to  larizations in the case af;=0—J,=1—J4=1 excitation
the Ne(P,a;o) state at\ =534 nm is detected with an in- these processes can be suppressed considerably. This sup-
terference filter at 534 nm wita 1 nmbandwidth. pression is described by a factgp, which can range typi-

In Fig. 11 three contributions to the detected 534 nm sig€ally from 1 (no suppressionto 10" (maximum suppres-
nals are indicated and numbered. The actual collision proce$don. The undesired contributions are estimated in Appendix
that we want to investigate is denoted by the arrow 0. Thé in terms of experimental parameters.
dashed arrows 1 and 2 show the competing excitation pro- Two handles are available to suppress the competing pro-
cesses representing thiirect probing of unscatteredr cessesti) the polarization configuration in comblna_tlon with
states and théP,, states that are scattered before they ardhe |s)-|p)-|d) pump-probe scheme which determingg,,
excited by the 653 nm pump laser. The suppression of thand (i) the detuningéyy, of the probe laser. The ratios
signal due to these competing processes requires a detaildl, /NP, = andNZ /N2 - determine whether it is possible to
analysis of these signals. In this analysis we will not takestudy the elastic scattering process of Eq. The first ratio

can be estimated as

initial final ]
NiIF Y ?
‘o NT210477p0I K ) (16)
|4d) ; N G LIF prb
' M wherey is the linewidth of thdp)-|d) transition, determined
3 A L0 Vo) by the lifetimes of both states. The second ratio can be ap-
m— proximated by
. Nhe IT cp(spl'b) A ' . ‘o
Br> N, - iy N NEe
T - —5— =100, (17)
F A LIF
0 &

Thus we conclude that it is essential to efficiently suppress
FIG. 12. Schematic representation of signals in the elastic scathe direct excitation processeg,~ 10" %) in order to study
tering probing scheme. The symbols are declared in the text. the elastic process.
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(7p0=1). The probe parameters are given in Table I. In Fig.
14 the results are shown for the He beam switched on and
B1;7I/2 off. We adjusted He beam density,. such that the trans-
mission factor is equal td;~ 1/e. The LIF signal in Fig. 14

for the He beam switched off is scaled with.

According to the preceding section, the contribution from
the competing processéd),- and N7 are not suppressed
when77,,= 1. Therefore the LIF signal will be dominated by
{ the elastic scattering of Ne§}, i.e.,N? -, which causes the
\,[31=0 , { , , broadening that can be seen in Fig. 14. We analyze the LIF-
0 /2 n 32 2n signal measurement with the classical small angle scattering

Ppol expression of Eq(11). For a detuningd,,<2002m) MHz
which corresponds to scattering angtgs<20° we see a fair
FIG. 13. Typical measurement of the polarized-atom cross secagreement.

tion Q;_g, as a functiqn of the pqlarization angtg of t_he pump For the J;=0—J,=1—J4=0 pump-probe scheme the
Iaser.l The .corlrespondlng angtewith respect to the initial relative  gjrect excitation (mpo=1 for parallel laser configuration
velocity is indicated. with the probe laser on resonance and the He beam switched
off results in a huge LIF signal of 30010° counts/s. This is
efficiently reduced in the perpendicular laser configuration to
It is important to know the orientation of the relative ve- only 300 counts/s from which followsgpo~ 1073, This
locity vectorv; with respect to the laboratory frame indicated count rate is superimposed on the background sigsmlrce
by angle ¢, in Fig. 4. We calibrate the laser polarization plus pump laser plus probe las@f 260 counts/s. The 300-
angle ey defined with respect to He velocity by performing count/s “leakage” reduces with increasing detunifg.
a two-vector correlation experiment giving the offset angleFor Sip=4002m)-MHz detuning the leakage signal is
®g. The result of this measurement is shown in Fig. 13smaller than the noise on the background signal. In such a far
where 8, denotes the angle between the laser polarizationff-resonance measurement we observe no significant differ-
Epmp @nd the relative velocity; . Theoretically, a cos(@,) ence between the LIF signal measured with the He beam
behavior is expected with a minimum f@; =0 and a maxi-  switched on or off. In the case of perpendicular laser polar-
mum for 8, = /2. In a least-squares analysis we determinezations the expected LIF signal resulting frdvhy-changing
the relation between the two angles @s ¢po— ¢, Yield-  collisions is estimated in the range 5—-10 counts/s. The sta-
ing an offsetpy,=32°. The offsetp, also follows from the tistical noise can be reduced by increasing the measuring
average velocities ye~1000 m/s and),~1800 m/s of the time. However, at the same time the drift in source operation
crossed beams, which yields,= arctan{ne/v e =~29°. and laser light power induces a fluctuation in the LIF signal
We measured the LIF signal as a function of the detuningf the same order of magnitude as the desired signal.
dprp Of the probe laser for a parallel laser configuration We conclude that the signals oMt ;-changing collisions
are too small in comparison to the drift in the background
0,, (degrees) signal. Quantum simulations show that tMg;-preserving
200 3 1.0 2.0 3|1 collisions have cross sections about a factor 10 higher. How-
ever, the competing processes which contribute to the LIF
signal cannot be reduced in this configuration singg=1.

-
o

Q,_¢ (arb.units)
S

B. Results

100}°

V1. Ne(3p,ay— ag) INELASTIC SCATTERING

N
(=}

A. Measuring scheme

The pump-probe scheme for the inelastic collision
ag— ag is shown in Fig. 15. In this scheme the two compet-
ing contributions originating from the direct excitation of
initial |p) states and from excitation of scattered metastable

LIF signal (10% s
=

2r |s) states are eliminated. In contrast with the elastic scatter-
1 , , . %o, ing process, it is clear that now all laser configurations, i.e.,
20 30 100 200 300 parallel, perpendicular, and circular polarizations, can be
studied.
3y (21 MH2Z)

By pumping from the®P, state, a factor 5 is gained in
FIG. 14. LIF signal ps=1) for the elastic scattering of |p)-§tate population in comparison with the excitation from

Ne(3p,a;) states as a function of the detunii, with the He the P, states. Note, however, that we are not dealing with a
beam switched orfilled markers and off (open markess The  Single magnetic sublevel anymore. The two-level character
fluorescence for the He beam switched off is scaled with the attenf the pump transitior?P,— a4 allows the*P, states to be
ation factorT;=1/e. The solid line represents th#,,, dependence ~excited typically 25 times because the atoms reside in the
of the model function of Eq(11) for classical small angle scatter- laser beam abouht~1 us=50r. Although the cross sec-
ing. tions for the inelastic transitions are generally much smaller
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4d(1/2), 4d(1/2),
|d> 8
af 7“prb= 070/&
583nm 80
y\ A —~
[ —7— O Og I:"_’/ 60
A,aux= ;\’pmp= ‘%) 40
633nm 640nm %
s> : 5P, 20
» AW ol
0 Borp 0 200 400 600
Sprb (27'C MHZ)
FIG. 15. Pump-probe scheme for inelastig— ag scattering.
The dashed arrow indicates an auxiliary laser to populateathe _ FIG. 16. LIF signal measured as a function of the deturigg
states for tuning the probe laser to the resonance frequency, i.&or the a— ag transition for different combinationss,,) of
finding the “zero” point for the probe laser. linear polarizations: diamonds3(=0); squares §,=/2); open

markers 3,=0); filled markers 3,= m/2). Two typical error bars
than their elastic counterparts, the collision signals are erare indicated. The solid lines represent model functions for an em-
larged by the much longer interaction lengthl 250.5 mm  pirical description of the data.
in this special configuration.

This inelastic scattering process introduces the problem ofesults are shown in Fig. 17. For the two polarization con-
finding the probe-laser transition. In contrast with the elastidigurations we see a similar shape of the LIF signal. Com-
probing scheme the collision-induced; states have to be paring these results to the linear polarization measurements
used to find the probe transition line. Due to the small sigin Fig. 16 we see that the circular measurements have a
nals, the probe line cannot be detected during a coarse frgoncave shape whereas the linear data display a more convex
guency scan. Therefore an auxiliary laser is used which ishape. We use a Lorentzian shape function to represent the
tuned to the®P,— ag transition. Now thexg states can be data of the fom{1+(5prb/5o)2]‘1, with §,=250 MHz. A

populated sufficiently while scanning the probe laser. cutoff at Spp=Awmay is introduced by multiplying with a
Heaviside function. For theo{",o~) configuration this fea-
B. Results ture is pronounced in the experimental data.

In our experiment typical background signals are 50 Using the parameters of Sec. Il A for the flux of N&j3

counts/s from light emitted from the source, 150 counts/dn the scattering centes,~1.1x 10° s and the detection
from the pump laser, and 250 counts/s from the probe lasegfficiency 7¢.=2X10"“ we can estimate the LIF signal for
adding up to a total background signal of 450 counts/s. WheROPPIer probing thexg— ag transition. In Table VI typical
the He beam is switched on an additional background signaguantltles Whlgh determine t.he detected LI'F_S|gnaI are given.
of 10 counts/s is detected. This is caused by the altered corf€se quantities determine the collision probability
ditions of the light production in the Ne expansion. ThesePco=NhelinQo—s and the probing efficiency 7,
background signals are quite constant during a measuremefit7maxYprb/ A @max. The expected LIF signal is written as the
and are determined every half hour. To obtain a good signal-

to-noise ratio we measure 2000 s for each detuning of the 0,
probe-laser frequency. In between two measurements the fre- 0 w4 w2
guency drift of the probe laser is compensated for by means . ' '
of the auxiliary laser.

We measured the LIF fluorescence of fle state as a
function of the probe-laser detunird,,. The results for the
four linear pump-probe polarization configurations,
(B1,B2)=(0,0), (0m/2), (7/2,0), (mw/2,7/2), are shown in
Fig. 16. We see a large dependency on the pump-laser po-
larization (B81). An effect of the probe-laser polarization
(B,) cannot be observed. We use a model function for rep-
resenting the data in a compact way. The only physical quan-
tAity WhiithGe(gte)rsMi: th(is mc‘l)'d%ll fl;lnc&/on tisk thfh vatl)ue_of 0 0 200 200 .60-0

O max= T z (see Table e take the basis
model function proportional td1—(Spm/Awmad’“% An Bory (21 MHZ)
additional Gaussian function describes the forward scattered g 17, LIF signal measured as a function of the laser detuning
peak arounds,,=0. We see perfect agreement of the cutoff 5 for the ag— a4 transition for the circular polarization combi-
at Spm= A ®ma- nations g*,0") and (c*,0~) which are represented by the closed

For the circular polarization we have performed measureand open markers, respectively. The solid lines represent model
ments for the ¢",0") and (c*,07) configurations. The functions for an empirical description of the data.

A (o2} 0]
(=) (=} (=]

LIF signal (counts/s)
N
[}
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TABLE VI. Estimation of the expected signal for the,— ag
pump-probe experiment.

probe laser~Zd

Units Value Total
Nhe m~3 10%°
lin~25 , m 05103  Pg=nudinQ=2103 Ve
Qo_s A2 35 e pump laser
Mmax 01 Pup=10"3
FIG. 18. The collision frame X ,Yco:Zco) @nd the Doppler
Aprb 0.01 frame (Xq,Yq,2q) are related by a rotation over the the Euler angles
Awmax ' (¢,4,0). The preparation laser beam is aligned alongythg axis,

the pump-laser beam along thg axis.

- . collision frame Yeol 2 and the Doppler frame
ProductS= fomNs, i Peoi77gernir=~35 counts/s. Note that this (Xq,Yq,2q) are relé(a(l:toégckc;ly 'ccloeotation over thnguIer angles
signal is an averaged value and that effects such as overlw)'wo) as depicted in Fig. 18. The laser configuration used
of lasers, laser intensities, and the effect of the polarizatiory, o,r experiment with counterpropagating laser beams is
configuration are not taken into account. Nevertheless, thi§escribed by the Euler anglesp(y)=(m/2,—m/2). The
estimat_e is _in good agreement with the measured signal Prémgles B,,8,) introduced in Sec. Il A are now defined in
sented in Figs. 16 and 17. terms of rotation angles around tkg, andzy axis, respec-
The overlap of pump and probe laser in the scatteringijyely.
center is altered when changing the polarization configura- Simulations have been performed for the differential Dop-
tion and hence the absolute value of the measured signals fpfer cross sectiorr(S,1) as a function of the polarization
the different polarization measurements cannot be comparegbnfiguration of the pump-probe laser beams and the colli-
directly. Therefore in the further analysis only the shape ofsion energy, withs,, the probe-laser detuning according to
the measured cross section data will be used. Eqg. (5). Results of the simulation can be used either to in-
vestigate new pump-probe configurations or to compare to

VII. COMPARISON WITH THEORY
A. Coupled channels calculation

The intramultiplet mixing process of El) is described

measured cross sections.

C. Elastic a;— a; scattering

For the elastic process the quantum-mechanical results for

quantum mechanically in a coupled channels calculatione four linearly polarized laser configurations are shown in
Model potentials proposed by Hennecart and co-workergig 19. A clear distinction between the parall@l0) and
[22—-24 serve as an input for this calculation. Mandetsal. (m/2,7/2) and the perpendicular (8/2) and (r/2,0) laser
extended the model potentials with a repulsive braf®8]  ojarization configuration can be seen. The parallel configu-
and performed calculations of polarized-atom cross sectiongiion probes theM j,-preserving collisions which are

with the coupled channels code. (_300d agreement was ff)“rQrongly forward peaked. Th#!,-changing collision cross
between the calculated and experimental cross sections in the ~tions are more than a factor 10 smaller than the

thermal collision energy rangeé=70—130 meV. For super-
thermal collision energies in the range=0.5—-2 eV the cal-
culated values are higher than the experimental cross sec-
tions, as reported by Boost al.[20]. Recently, this coupled
channels program has been extended to incorporate an opti- Since the initial staterg with J=3 is excited from the
cal potential for describing the process of Penning ionizametastable’P, state withJ=2, only the magnetic substates
tion; it has been successfully applied to Ns{3p) + Ar col-
lisions[30]. In that sense, the coupled channels calculations
are a necessary tool for the description of these collision
processes.

M j-preserving collisions.

D. Inelastic ag— ag scattering

n/2

ey
<,
o

~
I
2 0
(f# 107
B. Numerical simulation X 107
(o]
The basis of the simulation is formed by the scattering @ \
matrices calculated quantum mechanically in a coupled S0
channels model. The pump-probe laser beam configuration =
enters the calculation in the form of two density matrices for ~107%
initial-state preparation and final-state analysis, respectively. o y
Next, an expression for the experimental Doppler cross sec- B 1075700200 300 400 500 600

tion o(y) is derived. The simulation is described in detail in
Ref. [31].

The simulation is set up for a general pump-probe con- FIG. 19. Quantum-mechanical results for éag— o transition
figuration. In our case the pump laser is aligned along thei a collision energf =70 meV. The four basic linear polarization
Yol 8XiS, perpendicular to the initial relative velocity. The  configurations with anglesd; ,8,) are indicated.

Sy, (21 MH2)
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The simulated cross sections are compared with our mea-
sured data. We use different scaling factors for the=0
and B,=w/2 measurements in the linear polarization con-
figuration. When the polarization of the pump laser is ro-
tated, its spatial position is slightly altered, leading to a dif-
ferent initial Ne(3) in the scattering center distribution and
thus different scaling factors. Furthermore, due to the small
nozzle-scattering center distance of 2 mm, both the collision
energy and the He density vary rather strongly, over the scat-
tering center. For instance, the He density changes by 10%
for a change of 0.1 mm in this position. The large wéist
mm) of the probe laser guarantees a good overlap with the
scattering center and the results are insensitive for a rotation
of the probe-laser polarization. In the case of the circular
laser polarizations the two configurations*(,c*) and
(o*,07) are obtained by changing the probe-laser polariza-
tion. A negligible effect is expected and a single scaling
factor between simulated and experimental results is used.

6(3,) (arb.units)

0 200 200

3o (21 MH2)

FIG. 20. Quantum-mechanical results for hg— ag transition
averaged over the experimental energy distribuf@ashed curves
compared with théscaled model functions representing the experi-
mental resultgsolid curves for linear polarization configurations
with angles 8,,8,) as indicated.

E. Discussion

The quantum-mechanical simulations of the elastic scat-
_ _ tering process suggest that the parallel configurations have
in the rangeM ;= —2,...,2 aresymmetrically populated for |arger cross sections than the perpendicular polarization con-
linearly polarized light with a population distributiogy . figurations. Experimental signals for the parallel cross sec-
This weighted distributiondy) of incoherently populated tions (7,,=1) are larger, but at the same time, there is a
magnetic substates is determined in a Monte Carlo simulaarger contribution of the undesired competing processes
tion desc”bed n Rei[32] W|th thIS dIStI’IbutIOI’l We CalCU' Wh|Ch sca'e Withﬂpol' Therefore 0n|y the perpendicu'ar con-
late the Doppler cross sectiong &) for the four linearly  figurations, i.e.M j-changing processes, are good candidates
polarized pump-probe configurations. For the two circularfor future measurements with high intensity bright meta-
polarization configurations the distribution is given by staple beams.
M= O3m - It should be noted that in the numerical simulation the

In our experiment the initial relative velocity has a broad experimental convolution effects are neglected, except for a
distribution with an average valuév;)=2000 m/s and a first order energy convolution as discussed above. Two other
width of 300 m/s. In a coarse approximation we calculate themportant effects should be mentioned. First, the geometrical
differential cross sections for three collision energies 55, 70divergence of the Ne(§ beam is characterized by a Spread
and 85 meV and use weight factors 0.6, 1.0, and 0.6 accorgs 10 m/s in the direction of the probe laser beam which
ing to the energy distribution, respectively. The results of theranslates into an additional convolution with a block profile
simulation are shown in Figs. 20 and 21 for the linear andyith a typical filter width of 3027) MHz. Second, the exci-
circular polarization configurations, respectively. We see gation process of the Ne(8 states does not occur at a single
small difference in cross section values for different probepoint in space. However, Monte Carlo simulations show that
laser polarizations. the position dependence of the collision energy, the detection
efficiency, and the angle of the relative velocity cause an
extra convolution which is not significant in comparison to
the energy and perpendicular velocity spréad).

O

7

[8)] o
F

VIll. PUMP-PROBE CONFIGURATION

N

In our experiment, the choice of counterpropagating
pump- and probe-laser beams, both perpendicular to the ini-
tial relative velocityv;, is fully determined by the geometri-
cal limitations of the setup. Access to the scattering center
from other directions was not possible. This configuration
results in an extra convolution of the differential cross sec-
tion, which in general makes access to the physical informa-
tion harder.

6(8yr,) (arb.units)
N9

—_
T

o

0 200 200

8o (27 MHzZ)

FIG. 21. Quantum-mechanical results for ig— «g transition
averaged over the energy distributiéashed curves compared
with the model functiongboth scaled by the same factoepresent-
ing the experimental resultsolid curve$ for circular polarization
configurations as indicated.

It is useful to investigate the advantages and disadvan-
tages of this choice, as compared to the ideal situation of a
pump-laser beam perpendiculantoand a probe-laser beam
collinear withv; . The advantage of the latter choice is clear:

a single detuning of the probe-laser beam corresponds to a
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single polar angled with only an integration over the azi- 8o (X) (21 MH2)
muthal angle¢. The choice for a pump-laser beam perpen- 0 400 800
dicular to the initial relative velocity is also rather straight- ' T
forward: by rotation of the polarization vectd,n, with
respect tov; we can easily prepare our aligned initial states.
For a useful comparison of both configurations we plot the
measured differential Doppler cross section in the ideal con-
figuration as a function of the probe laser detuning
dealsm(0), with 935, = — A, corresponding tog=0

and thusd,,=0; the case®®s,,=0 then corresponds to
0= /2 and thusdy,=Awma. These data can be directly s L
compared to the results in the experimental configuration in -800  -400 0
the range 8< 8,,=<A wpay. In the ideal configuration, we do 913 5(8) (21 MHz)
not consider the range@'dea'éprbgAwmax (corresponding to ;
scattering angles/2< #< ), because there is no equivalent
result in the experimental configuration. For simplicity, we
limit our discussion to initial states with=1 that are laser
excited from the metastable Nef3P,) state using linear
polarized light.

o
=)

o
N

0(8,,) (in units of 10 AY 21 MHz)
o
D

expt

We first di the elasti llisi bed b FIG. 22. Calculated results for the differential Doppler cross
€ IIrst diScuss the elastie; — ay COIlISIOoNS, Probed By — ¢ ion for the inelastias— a, transition, both for the ideal pump-

o e . :
atransition to a level with” =0. For a parallel orientation of probe configuration and the experimental configuration used in the

the pump and probe polarization vectors, iE?p_rMEpmpJ- Vi, experiments in this paper. Both pump-probe configurations are de-
the measured Doppler differential cross section as a funCt'OBicted in the lower part of the figure.

of the laser detuning is quite similar for both the experimen-
tal and the ideal configuration. This can be easily understood. e conclude that in all cases the ideal configuration of

Due to the strongly peaked character of small angle scattefne pump- and probe-laser bearkg,L vi andk, Vi, is to
ing, the contribution at an anglein the experimental con-  pe preferred. However, the experimental configuration used
figuration is dominated by the region corresponding to th&gr the experiments presented in this paper does smooth the
smallest angled=m— x. oscillatory nature but still reveals the general nature of the
For a perpendicular orientation of the laser polarizationscattering behavior in many cases. Moreover, in many cases
vectors, i.e. Egl Egmpl Vi, We observe larger differences. the oscillatory behavior of the inelastic differential cross sec-
First, the absolute value of the measured small angle Dopplgjon is extremely sensitive to minor details of the potentials,
cross sections is much smaller than for the parallel orientapading to the philosophical question if resolving these oscil-
tion. In this case, onlyAM|-changing collisions contribute |ations really leads to a better understanding of the collision
at small angles, resulting in both the experimental and thejynamics of these inelastic processes.
ideal configuration in much smaller absolute values of the
mea_sured_ Doppler cross sec_tlons as compared to the parallel IX. CONCLUDING REMARKS
configuration. Second, the differential Doppler cross section
in the experimental configuration has lost all of its oscillatory = Compared to the two-vector correlation experiments per-
structure. At small angles, its magnitude is also a factor Sormed by Mander®t al. [19] and by Boomet al. [20], we
less than the signal for the ideal configuration. Only at largeobtain an enormous amount of additional information from
anglesw/6< < /2 do the two configurations show similar our LIF Doppler probing experiment. As yet, the LIF tech-
results. nigque can only be applied to study the Ne(d¢— a;) tran-
Next, we investigate the inelasties(J=1)— a7(J=1) sition, with the initial laser-excited state being the upper
transition, probed by a transition to an upper level withlevel of a closed level system. This results in a large increase
J'=0. The reason for using this transition as a test case is thef the effective life path in this state. In the experiment of
detailed understanding of its nature within a semiclassicaglastic collisions of Ne(B,a7) we have shown that compet-
model in terms of an avoided crossifig6]. In Fig. 22 we ing processes contributing to the LIF signal and the small
show the calculated results for the Doppler differential crossignals inhibit us to study the elastic four-vector correlation
section for both configurations, plotted as a function of theprocess.
corresponding detuningp, or 'dea'ﬁprb. We have assumed a  The good agreement between experiment and theory in
parallel orientation of the polarization vectors, i.e., shape of the differential cross sections and their relative scal-
Epril Epmpl Vi » @s depicted in the lower part of the figure. As ing for different laser polarizarion configurations show the
expected, all the oscillatory structure visible in the ideal con{power of the model potentia]22—24. Even up to this level
figuration is lost in the experimental configuration. We ob-of detail they strongly support the experimentally observed
serve a smooth curve that represents the general behavior fefatures.
the differential Doppler cross section. The same observation In the Ca-He experiments by Smigh al. a more detailed
holds for the perpendicular orientation of the polarizationanalysis of the experimental results in terms of coherence
vectors: again the oscillatory structure in the ideal configu-cross sections is possible, because the gain in signal strength
ration is transformed into a smooth curve in the experimentais much longer both due to a ground-state lower level of the
configuration. Ca and the broad bandwidth of the probe laser. Comparison
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with theory, however, is very limited due to the scarce infor-

mation on potential surfaces for these systems with two va- a) """?I _ b) , f,i"a'
lence electrons. 1ad _ P P _
The recent development of bright beams with a 10 000- Nig A | i Nie
fold increase in beam flux and “monochromatic” velocities Tn(sn'rb) N V.
[33] offers good prospects for more detailed LIF Doppler Ps P P £o
experiments on all transitions of the Ne-He system. Elastic COpotpe) § _J: AN
collisions as well as other inelastic collisions can be studied Mg P
when the fluxNg; of metastable atoms in the scattering cen- : ] C fn ‘5
ter is increased drastically. 130> | No, —A— ' ™ Nps
H Tf
pmp
APPENDIX A: LIF SCHEME FOR DETECTING N Bor) ) : .
SMALL ANGLE ELASTIC SCATTERING P AN N,
[3s) P —= ’
In this appendix we derive an expression for small angle 6 é' Ao (’) é. Ao
scattering detected with a Doppler LIF technique. For the oo P

configuration where the pump laser is perpendicular to the

initial relative velocityv; (z-axis), the relation between the g, 23, schematic representation of competing processes

scattering angle and the probing directioty.¢) of Eq.(6)  which contribute to the LIF signal of the elastic scattering probing
has to be used to derive an expression for the fluorescenegheme:(a) direct probing of initial|p) states andb) probing of

signal as a function of the laser detunifig,. Basically, the  scattereds) states.
signal is proportional to thalQ product and we find for the
signal APPENDIX B: COMPETING PROCESSES
IN THE LIF SIGNAL FOR ELASTIC SCATTERING
xX+tAx (2w
S(‘spfb):C<nHe>lsf f dlol 6(x,¢)]siny’dy’, The two competing processes contributing to the popula-
X 0 Al tion of the|d) state are graphically represented in Fig. 23 in
(A1) more detail. The first competing process is the direct excita-
tion of initial |p) to |d) which is depicted in Fig. 23).
These unscatterdg) states are not resonant with the probe
aser. Thus they are converted to LIF photons less efficiently
in the off-resonance tail of the line profile as given by

whereC is a scaling constan{n,,) is the average He beam
density, andg is the scattering length of the metastable at-
oms (=2 mm). The solid angle element is represented b
dQ =siny’dy’d{. The finite y integration denotes the reso-
nance contition. A more accurate expression for the signal is

: ; h , L(Sprn,y)
obtained by integrating over the Lorentz profiléw, y.s) of S )= pr -
the transition: 7(9pr0) = 7Tmax L£(0,y) nmax1+(25prb/7)2’

(B1)

* 2m where vy is the linewidth of the|p)—|d) transition and
S( 5prb):C<n2>|SJlmdwfo dZL(Spro— @, Vert) L(Aw,y) denotes the Lorentz line shape function. The con-
tribution of the direct excitation can now be written as
Xol0(x(w), )], (A2) . .

. | N1 = 7p07(Sprt) N (B2)
with |5prb|<Awmax. To evaluate the above expression we
use Eqgs(5) and(6). We assume that the cross sectigm,?)
is constant over the width of the Lorentz profile. This ap-
proximation reduces the integration to unity. We find for
the signal

with N, ; given in Eq.(8).

The second competing process is more complicated and is
depicted in Fig. 2®). Even though thds) states may be
scattered out of resonance, they can still be pumped in the
o tails of the Lorentz profile. These excitép) states cannot
S( 5prb):C,<n2>|sf dZol 0(x (o), ). (A3) be distinguished from the actual scattetpil states that we

0 are interested in. The collision rat ¢(5,y) for |s) state

] ) o ~ scattering is obtained thru the effective density length prod-
The integral over the azimuthal anglés integrated numeri- ¢t

cally. When the semiclassical expression #¥ 6y in Eq.
élrg)xilrsn :ttét()jsg;uted in the integrand, the integral can be ap- N 1( Sort) = il sl Sprp) N B3)

with (5 being the differential cross section for scatter-
ing. Because these scatterfs} states reside in the laser
rEeam for a long timeAt~1 us~50r), eventually they will

e excited by the pump laser

S(8p) =C' (Nl (/24 )[ /2= x(5pm) 1~ 4. (A4)

The exact approximation of the integral with the expressio
above within 1% in the range<Qm/2— x<0.5 strongly sug-
gests that a mathematician should be able to derive this ex- oy : .

pression analytically. Np,f( 5prb) = fpmpNs,,f( 5prb) =Nyl 506 5prb)Np,i , (B4)
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where we substituted E@8). These excitedp) states con- NE y 2
tribute to the LIF signal with the same efficiengy,,, as the .—;'leo“npm( —) : (B7)
scatteredp) states. However, because they have not collided N 28y

in between the two excitation processes, this undesired con-
tribution may be suppressed by the same fagigyas in Eq.

(B2) and can be written as The second ratio can be approximated by

N2 £(Sor) = 7poiNtiel s Sprp)Nip i - (B5) -
LIF\ ©prb, pol''He! sU s\ Cprb/ Np,i NEIF ) Isa's( 5prb) (88)
R - - . . 5 T Tpol T L L
The ratiosN{;e/NJ;e andNE /NP can now be estimated. Noe 0 1,0 Sor)
The first ratio can be written as
Nﬁ”: 1 1 For the two interaction lengths we havgs=2 mm for thes)
o Mpol P state, and ;~20 um for the |p) state. Assuming that the
Nir 1+ (280! 7)” Nl 107p( Spr) cross sectiongs ando, are similar in magnitude, this ratio
2 can be estimated with
( Y ) ! (B6)
= Mpol )
25prb Nyl ro-p( 6prb) -
N
where we assume thay<dy,. With nye~10°m=3 .—(L)'leoonpm. (B9)
| ,~20 um, ando( Sy ~O(5X 101 m?) we find N
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