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Four-vector correlation experiment on Ne„3p…1He collisions:
Measurements on intramultiplet mixing

S. S. Op de Beek, J. P. J. Driessen, K. H. J. M. Robben, H. C. W. Beijerinck, and B. J. Verhaar
Eindhoven University of Technology, P.O. Box 512, 5600 MB Eindhoven, The Netherlands

~Received 9 October 1996; revised manuscript received 8 May 1997!

Intramultiplet mixing collisions have been investigated using polarized Ne(3p) atoms 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-detuned! probe 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 energyE570 meV, for both thea7 anda9 ~Paschen numbering!
initial states. For the elastica7→a7 collisions the experimental results are strongly hindered by the undesired
response on elastic scattering of the metastable Ne(3s,3P0) state. Inelastic collisions have been investigated
for the a9 state, that forms a closed level system with the metastable Ne(3s,3P2) state. For thea9→a8

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 polarized (s1,s1) and (s1,s2)
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.
@S1050-2947~97!08509-0#

PACS number~s!: 34.50.Pi
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I. INTRODUCTION

The study of alignment and orientation in atomic col
sions has yielded an enormous wealth of detailed inform
tion on the mechanisms and dynamics of collisional exc
tion and energy transfer. Complete information requi
additional detection of the polarization of the final state af
the collision. In principle both atomicalignment~i.e., sym-
metric population of magnetic sublevels! and orientation
~i.e., asymmetric population of magnetic substates! can be
determined@1–10#. In favorable cases a complete set of c
lision amplitudes for the coherently excited atomic stat
including their relative phases, can be derived@5#. Such a
study brings experimental results much closer to a theore
study, which may reveal important features of the poten
curves@11–18#.

Generally, experiments with a numbern of controllable
vector quantities such as relative velocity and alignmen
orientation of atoms are calledn-vector correlation measure
ments @2#. Polarized-atom collision experiments where t
initial relative velocity and initial alignment or orientatio
are controlled are typical examples of two-vector expe
ments @19,20#. Combining these two-vector experimen
with final-state analysis with respect to the alignment and
final velocity results in three-vector@4–6# and four-vector
@21# correlation experiments.

Many three- and four-vector correlation experiments ha
been performed for systems with an atom excited dire
from the ground state, such as Na, Ba, and Ca, colliding w
rare gases@4,5#. Because of the large experimental signals
is possible to resolve the final states with respect to fi
velocity or final orientation or alignment. A quantum
561050-2947/97/56~4!/2833~15!/$10.00
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mechanical calculation is hard to perform for these syste
since accurate potential information is very scarce.

The two-vector correlation experiment of the intramulti
let mixing process

Ne~3p,a i !1He→Ne~3p,a f !1He1DE ~1!

has been studied in detail in the thermal@19# and superther-
mal @20# energy range. The short-lived initial Ne(3p,a i)
states (t520 ns) are produced by laser excitation from o
of the metastable Ne(3s) states,3P0 or 3P2 , which account
for an excited fractionh'1025 of the total atomic beam
flux. Therefore the densities of the initial Ne(3p) states are
much smaller compared to alkali-metal-atom densities av
able for excitation. By measuring the fluorescence inten
of a decay transition for both the initial and final stat
polarized-atom cross sectionsQi→ f

uMi u can be determined
@19,20#. Here Mi is the magnetic quantum number of th
electronic angular momentumJ of the initial state with re-
spect to the initial relative velocityvi . Both a semiclassica
and fully quantum-mechanical analysis result in theoreti
cross sections which are in good agreement with the exp
mental data@19,20#. Although the experimental signals ar
rather small, the advantage of the system in Eq.~1! lies in the
available accurate potential information@22–24#, in contrast
to the excited alkali-metal-atom ground-state noble gas s
tems.

In this paper we focus on a pump-probe experiment p
formed on the collision process of Eq.~1!. The following
pump-probe scheme is used:
2833 © 1997 The American Physical Society
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2834 56S. S. OP de BEEKet al.
Ne~4d!→LIF:ld

↑~lprb!

Ne~3p,a i !1He→ Ne~3p,a f !1He

↑~lpmp!

Ne~3s,3P0,2!, ~2!

where the Ne(3p) fine structure levels are denoted by t
Paschen numbering (i , f P1,...,10). The final state
Ne(3p,a f) is probed with a laser-induced fluorescence~LIF!
technique which is combined with a Doppler probing sche
to resolve the final-state velocity. This pump-probe sche
has been chosen such that the decay fluorescence o
Ne(4d) state (ld'530 nm) is isolated from decay line
from other multiplets (l5580– 670 nm). Moreover, the de
cay lines of the Ne(4d) state have large branching ratio
(.60%) which make them suitable for the LIF technique

In this paper we focus on two types of scattering p
cesses:~i! elastic collisions fora7→a7 and~ii ! inelastic col-
lisions for a9→a8 . In principle, four vector parameters ca
be examined in the experiment; two velocity vectors,~1! vi
the initial relative velocity and~2! vf the final relative veloc-
ity, of the colliding particles and two alignment or orient
tion vectors~3! Epmp the polarization vector of the pum
laser used to prepare the initial state and~4! Eprb the polar-
ization vector of the probe laser used in the LIF detect
scheme. In our crossed beam experiment the initial rela
velocity vi is well defined. The final velocity is detecte
through a Doppler detection scheme which is combined w
the LIF scheme. Using polarization rotators the polarizatio
of both lasers can be controlled. The number of controlla
parameters in this four-vector experiment can be very la
To limit the number of measurements we use fixed la
beam directions in our setup: the pump- and probe-la
beams are counterpropagating, perpendicular to the in
relative velocityvi .

In this paper we present experimental data on the fin
state analysis of the intramultiplet mixing process in Eq.~1!.
On the basis of two processes,a7→a7 and a9→a8 , we
investigate the feasibility of a final-state analysis for sho
lived Ne(3p) states. Section II will deal with the final-stat
analysis where the LIF detetection scheme is combined w
the Doppler probing technique. The experimental setup
described in Sec. III. In the same section the implementa
of the pump and probe lasers is discussed. The Doppler p
ing technique is calibrated by applying it to elastic scatter
of metastable Ne(3s) states. The results of this calibratio
are presented in Sec. IV. In Secs. V and VI the four-vec
experiments for elastic and inelastic scattering are discus
respectively. In Sec. VII the experimental data are compa
with theoretical simulations based on a fully quantu
mechanical coupled channels calculation. Finally, in Sec.
concluding remarks are given.

II. FINAL-STATE ANALYSIS

A. LIF technique

Information about the final-state orientation and alig
ment is acquired using a LIF technique, which has been
scribed in more detail by Smithet al. @5# for the Ca-He sys-
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tem. In our case, the second laser beam probes the
Ne(3p,a f) state by exciting it to the Ne(4d) level. From the
decay fluorescence of the Ne(4d) state information about the
magnetic sublevel distribution for the final Ne(3p,a f) state
is obtained. The pump-probe scheme is depicted in Fig. 1
this setup the initial Ne(3p,a i) state is selected by the pum
laser (lpmp); the wavelength of the probe laser (lprb) deter-
mines which final state is analyzed. We label the Ne(3p)
state withup& and the state coupled by the probe laser byud&.

The final state has a total angular momentum quna
numberJ in the range 0<J<3 for which different probing
schemes are possible. In Fig. 2 we show the possible pro
schemes for aJ51 final state with a linearly or circularly
polarized probe laser. By saturating the probe transiti
each of the probed magnetic sublevels of the final stat
detected with equal probability. Obviously, the transiti
J→J11 probes all magnetic sublevels and cannot prov
alignment or orientation information of the final state. How
ever, using theJ→J andJ→J21 transitions, different sub-
sets of magnetic sublevels are excited and combination
these two probing schemes enable us to extract more in
mation than either probing scheme separately. Using cir
larly polarized light, the asymmetry in the probed magne
sublevel distribution gives information on the orientation
the final state.

In the configuration described in this paper the pump- a
probe-laser beams are counter propagating, perpendicul
the initial relative velocityvi as shown in Fig. 3. In the cas

FIG. 1. Scheme of a general pump-probe experiment. The pu
laser excites the Ne(3s) state to the Ne(3p,a i) state. The collision-
induced final state Ne(3p,a f) is probed by exciting it to a state in
the Ne(4d) multiplet with a probe laser and measuring the fluore
cence atld .

FIG. 2. Probe schemes for aJf51 final state for linearly polar-
ized ~p! and circularly polarized~s! light, respectively. Only the
schemes withJd<Jf give information on alignment and/or orienta
tion.
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of linearly polarized laser beams the polarization anglesb1
and b2 , defined with respect to the initial relative veloci
vi , can be varied usingl/2 plates. The linearly polarized
configurations (b1 ,b2) that we investigate consist of a set
parallel polarizations:~0,0! and (p/2,p/2) and a set of per-
pendicular polarizations: (0,p/2) and (p/2,0). In the case of
circular polarization two configurations are possib
(s1,s1), (s1,s2). Combinations of linear and circular po
larizations have not been investigated.

B. Doppler probing

The LIF probing scheme can be combined with a Dopp
technique to resolve the velocity component of the final s
in the probe-laser beam direction. The velocities of the
and He atoms are shown in a Newton diagram in Fig
together with the initial relative velocityvi . The final veloc-
ity uf of the Ne(3p,a f) state in the center-of-mass~c.m.!
system has an arbitrary direction resulting in the so-ca
~in!elastic scattering sphere centered around the c.m. velo
vc.m.. The radius of the scattering sphere is given by

uf5
mHe

mNe1mHe
v f , ~3!

with vf being the final relative velocity. Depending on th
sign of DE in Eq. ~1! the radius is smaller than, equal to,
larger than the initial relative velocityui . In Fig. 4 the situ-
ation for an elastic collision is shown. The particles whi
are probed by thedprb-detuned laser beam have a we
defined velocity component with respect to they-axis ~laser
beam axis!. This results in the so-called ‘‘Doppler cone
with a top anglex which depends on the laser detuningdprb
through the Doppler detuning

dprb5kprb•~vc.m.1uf !5Dvc.m.1kprbufcos~x!, ~4!

with kprb being the wave vector of the probe laser beam. H
we have taken into account the transformation from the c
frame to the laboratory frame. The center-of-mass contri
tion Dvc.m. is equal to zero because the laser beam is alig
perpendicular to the two atomic beams. The detuningdprb
and the anglex are related by

dprb5kprbufcos~x!5Dvmaxcos~x!. ~5!

The linewidthgprb of the probe laser and the natural lin
width Gprb of the probing transition result in a finite angul

FIG. 3. The configuration of the linear laser polarizations. T
polarization vectorsEpmp and Eprb of pump and probe lasers, re
spectively, are rotated over anglesb1 andb2 in a plane perpendicu
lar to the propagation direction of the lasers.
:
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range (x,x1Dx) together with the corresponding resolutio
of the velocity component (uf)y . For a typical thermal en-
ergy E570 meV elastic collision, the relative velocity i
1800 m/s. The final velocityuf of the Ne(3p) state is 340
m/s. This translates in a detuning range 2Dvmax
'1.1(2p) GHz in case of the typical 593 nm probe-las
light. If a narrow-bandwidth dye laser is used, the natu
linewidth G'10(2p) MHz determines the maximum ob
tainable resolution of approximately 0.01Dvmax which cor-
responds to a velocity resolutionDvy'7 ms21. For high la-
ser intensities power broadening may reduce this resolut
For the transitions we study in this paper, the probe para
eters are listed in Table I.

Because the laser beam direction does not coincide w
the relative velocity vector, the top anglex does not correlate
with a unique scattering angleu, defined with respect tovi
~i.e., thez axis!. These angles are depicted in Fig. 5. For t
anglesx.0 the resonant particles correspond to scatter
anglesum,u,p2um , with um5p/22x. The differential
cross section in the directionu cannot be directly derived
from the signals measured as a function ofx. Only for x50
~probing the ‘‘pole cap’’! does the measured signal direct
translate intou5p/2, albeit with a rather poor resolution
For other anglesx the following relation between scatterin
angleu andx holds:

u~x,z!5arccos~sinx cosz!, ~6!

FIG. 4. Newton diagram for an elastic collision. The initial N
velocity in the center-of-mass coordinate system is indicated byui .
The shaded ring represents the velocity class which is resonant
a laser with detuningdprb. The left-hand side shows a view perpe
dicular to the collison plane (f50), the right-hand side parallel to
the collision plane (f5p/2).

TABLE I. Probe parameters for thea7→a7 elastic anda9→a8

inelastic transitions in the Ne(3p) multiplet.

a7→a7 a9→a8

DE ~meV! 0 21
v f ~m/s! 2010 1680
ui ~m/s! 335 335
uf ~m/s! 335 280
lprb ~nm! 593 583
Dvmax ~2p MHz! 564 484
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2836 56S. S. OP de BEEKet al.
wherez denotes the azimuthal angle about the laser pr
axis ~y axis!.

C. Pump-probe laser considerations

1. Pump laser

Two different laser systems are available for our expe
ment,~i! a dye laser using Rhodamine-DCM dyes and~ii ! a
diode laser with weak optical feedback.

The performance of these two systems is given in Ta
II. The pump laser excites either the3P0 or 3P2 state of the
Ne(3s) configuration to one of the fine structure states of
Ne(3p) multiplet. The pump laser is frequency stabilized
optimizing the absorption in a Ne discharge. For a dye la
extra attention has to be paid to the alignment of the la
beam due to its narrow linewidth. This is extensively d
cussed in Ref.@19#.

The transition wavelengths vary in the ran
588 nm,l,744 nm. For the initial states we will concen
trate on the wavelengths listed in Table III. These fine str
ture states can be excited with a dye laser operating
Rhodamine 6G or DCM. Two different diode laser syste
are available for Ne excitation:lpmp5653 nm for
(3P0→a7) andlpmp5633 nm for (3P2→a8). For the tran-
sitions in this paper we use a diode laser for preparinga7
states and we use a dye laser for exciting the Ne(3s,3P2)
states to one of thea4 , a8 , or a9 states.

2. Probe laser

To select a probe transition we must meet the follow
demands:~i! the wavelengthlprb must be attainable by ou

FIG. 5. Three-dimensional view of scattering sphere with
scattering cone between (u,u1Du) and the Doppler cone betwee
(x,x1Dx). The top angles~u,f! and~x,z! are defined with respec
to thez axis and they axis, respectively.
e
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lasers,~ii ! we have to be able to single out the LIF wav
length ld ~Fig. 1! with narrow-band interference filters i
order to suppress competing fluorescence signals produc
the Ne-source or in the collision process,~iii ! the lifetime of
the upper stateud& must be comparable to that of theup&
state to guarantee sufficient fluorescence signal when sat
ing the up&→ud& transition, and finally~iv! the branching
ratio must be large for the studied decay transition (ld) to
produce sufficient signal.

Based on these criteria we have selected
Ne(3p)→Ne(4d) transition for probing the final Ne(3p)
states. Due to the large energy gap between thea9 anda10
states the decay lines of the Ne(4d)→a10 transition are lo-
cated around 534 nm and can be separated out easily
the other decay lines. This makes them suitable for detec
without being disturbed by laser light or decay lines from t
Ne(3p) multiplet. In this paper we limit ourselves to th
probing of the final states Ne(3p,a7) and Ne(3p,a8). The
transition lines from thea7 and a8 states to the Ne(4d)
multiplet are listed in Table IV, together with their branchin
ratiosAki /Ak . The large branching ratios of the subseque
transitions to thea10 state make them suitable for the LI
technique. All the probe line wavelengths are easily atta
able with a dye laser. The linewidth of the probe transition
approximately 20~2p! MHz, determined by the lifetime of
both theup& and ud& states.

III. EXPERIMENTAL SETUP

A. Crossed beam apparatus

To analyze the final states of intramultiplet mixing col
sion processes we use the experimental setup used p
ously for total cross section measurements. In this paper
briefly review the apparatus, for details the reader is refer
to Refs.@19, 20#. In Fig. 6 a schematic view of the crosse
beam apparatus is given. The scattering center is formed
the intersection of the Ne beam, the He beam, and the pu
laser beam. The metastable Ne(3s) atoms are produced in
thermal discharge source@25#. The He beam is obtained
through a skimmerless supersonic expansion. Fluoresc
of the initial and final Ne(3p) states is efficiently collected

e

TABLE III. Wavelengths in nm for the pump transitions of th
metastable Ne(3s) states to a Ne(3p,ak) state.

Ne(3s) Ne(3p,a4) Ne(3p,a7) Ne(3p,a8) Ne(3p,a9)

3P0 653.288
3P2 594.483 621.728 633.443 640.225
TABLE II. Performance of the ring dye-laser system compared to the diode-laser system.

System Dye laser Diode laser

l range 550–660 nm '630,'650,'670, 750–850 nm
Linewidth ,10 MHz 20–100 MHza

Power .200 mW ,10 mW
Frequency drift ,10 MHz/minb ,100 MHz/minc

aNo strong optical feedback.
bLocked to internal frequency reference.
cNot locked to external frequency reference.
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TABLE IV. Wavelengths for the probe transitions of Ne(3p,a f) to the Ne(4d) (K)J states in the notation
of j l coupling. The corresponding branching ratiosAki /Ak are indicated as well.

4l v(K) j

Ne(4d)

Ne(3p,a7) Ne(3p,a8) Ne(3p,a10)

l ~nm! Aki /Ak ~%! l ~nm! Aki /Ak ~%! l ~nm! Aki /Ak ~%!

4d(3/2)2 591.903 3.3 581.662 1.7 533.078 44.3
4d(1/2)1 593.175 0.0 582.891 2.6 534.109 63.7
4d(1/2)0 593.446 9.3 534.328 74.4
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by a parabolic mirror and focused onto a photomultipli
Wavelength selection is realized using narrow-band inter
ence filters. Absolute values of the cross sections can
determined because the relative detection efficiencies for
initial- and final-state fluorescence are known. Due to
small dimensions of this atypical crossed beam appar
with its efficient photon collection we can achieve typic
count rates of 103 (counts/s)/Å2 for the two-vector correla-
tion experiment of the intramultiplet mixing processes of E
~1!. Typical performance conditions of the apparatus
given in Table V.

The velocity distribution of Ne atoms produced by t
thermal discharge source is determined through time
flight ~TOF! measurements. In the compact crossed be
setup we use a laser chopper. With a flight path of only 1
mm the TOF experiment requires small time chann
(t520 ms). The result of a typical measurement is given
Fig. 7. From the analysis of these data we find an aver
velocity ^vNe&5960630 m/s and a characteristic veloci
spreada5380 m/s. Combined with the He beam veloci
distribution we find for the average relative veloci
^v i&'1800 m/s and the corresponding average collision
ergy is estimated at̂E&570 meV.

The Ne(3s) beam, traveling in thex direction, is attenu-
ated by elastic scattering with He atoms. The probability
elastic scattering in travel distance (x,x1dx) is given by the
productn2(r)dxQel, with nHe the local He beam density an
Qel the effective total cross section for elastic scattering. T

FIG. 6. Schematic view of the crossed beam apparatus.S)
Ne(3s) metastable atom source; (O1) beam-defining aperture~di-
ameter equal to 1 mm!; (O2) extra aperture~diameter equal to 1
mm!; (O3) skimmer ~diameter equal to 0.5 mm!; (M ) parabolic
mirror; (B) beam dump; (N) nozzle; (F) interference filters; (L)
collimating lens; (P) photomultiplier.
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total transmission probability for reaching the scattering c
ter is expressed in a factorTi which is defined by

Ti5E
2`

0 v i~x!

vNe
nHe~x!Qeldx. ~7!

To obtain optimal collision-induced fluorescence@26# this
transition probability is taken close toTi'1/e by regulating
the He beam densitynHe. The interaction length of the
Ne(3s) states with the He beam upstream of the pump-la
beam is denoted byl s , which is typically l s'2 mm in our
apparatus. The flux of unscattered metastable Ne(3s) atoms
arriving at the scattering center is denoted byṄs . The value
of this quantity can be estimated using Table V. The flux
Ne(3s) states is given byṄs5I Ne(3s)VscatTi , from which we
find Ṅs'1.13109 s21.

The Ne(3s) states are excited to the initial Ne(3p) state
with an efficiency f pmp. Taking into account the natura
abundance of the20Ne isotope~90%! together with the sta-
tistical distribution over the magnetic sublevels results in

TABLE V. Typical performance conditions of the experiment
setup.

Name Quantity Typical value Units

Atomic beams
Ne(3s) beam intensity I Ne(3s) 931012 s21 sr21

Source-scattering center
distance

L 100 mm

Solid angle acceptance
of Ne beam

Vscat 431024 sr

Ne flow velocity vNe 960 m/s
Speed ratio S5v/a 2.5
He velocity vHe 1800 m/s
He density nHe 131020 m23

Transmission factor Ti 1/e
Initial relative velocity v i 2000 m/s
Average collision energy E 70 meV

detection for Ne(4d) line
Photomultiplier
Quantum efficiency

hqe 0.15

Collection efficiency
of optical system

hos 0.40

Filter transmission Tfilt 0.6
Branching ratio Aki /Ak 0.6
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ficiencies f pmp50.15 andf pmp50.75 for the 3P0 and 3P2
states, respectively. Hence the flux of initial Ne(3p) states is
given by

Ṅp5 f pmpṄs . ~8!

Because of the short lifetimet520 ns of the Ne(3p) states,
the life path is onlyl p520 mm, which results in a much
smaller collision probability than for the Ne(3s) states.

The maximum resolutionDv/Dvmax'0.01 in the final
velocity component decreases the performance
103 (counts/s)/Å2 for the total cross section for intramultip
let mixing to approximately 10 (counts/s)/Å2 for the
velocity-resolved differential cross section. Therefore an
equate suppression of background signal caused by scat
laser photons and photons produced in the Ne(3s) source is
necessary. Because of the large separation of the sele
fluorescence line (ld'530 nm) from other decay lines w
planned to use a 10 nm broad transmission filter~see Table
IV !. The detection efficiency for collecting light from thi
decay line is given byhdet5hqehosTfiltAki /Ak and can be
determined using Table V resulting inhdet5231022.

The Ne(3s) source causes a huge background signa
1803103 (counts/s) in combination with the 10 nm tran
mission filter, thus far exceeding the expected differen
fluorescence signal. Using a beam-defining aperture in f
of the parabolic mirror~O1 in Fig. 6! this background was
reduced to 103 counts/s. Apparently, light emitted from th
source enters the detection system through reflections in
apparatus. This background is further reduced to 2
counts/s by painting parts in the detection chamber black
by installing an extra aperture with 1 mm diameter betwe
the skimmer and the downstream aperture in front of
parabolic mirror~O2 in Fig. 6!. Because light is also bein
emitted in the Ne expansion downstream of the skimm
this extra aperture prevents these photons from reflectin
the parabolic mirror. The remaining background is furth
reduced to 50 counts/s using a 1 nmbandwidth transmission
filter.

B. Pump laser

A temperature- and current-stabilized diode laser is u
for populating the initiala7 state. Weak optical feedback

FIG. 7. Typical time-of-flight measurement for Ne(3s) atoms
performed with a flight pathL5100 mm. From this we derive a
flow velocity ^v&5956 m/s and a characteristic velocity spre
a5384 m/s for the velocity distribution.
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used to enlarge the lasing range such that the desired w
length can be reached@27#. The laser is frequency stabilize
by maximizing the laser beam absorption in a Ne rf d
charge using electronic feedback on the laser diode curr
The linewidth of the diode laser is measured in a freque
scan where we monitor fluorescence of the Ne(3p) state.
Taking into account the geometrical beam divergence
the natural linewidthG58(2p) MHz we find an effective
linewidth of geff550(2p) MHz, reflecting the broad line-
width of the laser diode. The experimental setup of the dio
laser is shown in Fig. 8~a!.

For populating one of the initiala4 , a8 , or a9 states we
use a cw dye laser which is stabilized on the absorption
Ne discharge cell. The laser beam is transported throug
single mode optical fiber to preserve the linear polarizati
This is shown in Fig. 8~b!. The polarization of the pump
laser is rotated by al/2 plate. Nonlinear components ar
eliminated by a Glan-Taylor prism.

When we study the inelastic transitiona9→a8 , an aux-
iliary laser beam is used for populating the finala8 state
directly by exciting the3P2 states. This facilitates the stab
lization of the probe-laser frequency to the desired transit
line, which will be discussed in Sec. VI. This additional las
beam is blocked during the actual collision experiment.

C. Probe laser

The probe-laser setup is schematically shown in Fig.
We use a standing wave cw dye laser locked to the trans

FIG. 8. Schematic view of the pump-laser setup. For elastic
inelastic collisions we use setup~a! or setup~b!, respectively.~s! Ne
metastable source;~dl! diode laser;~gd! gas discharge; (x-f) com-
puter adjustable mirror; (l/2) half-lambda plate~gt! Glan-Taylor
polarizing prism; (a8) dye laser tuned at3P0→a8 transition; (a9)
dye laser tuned at3P0→a9 transition.

FIG. 9. Schematic view of the probe-laser setup.~dye! standing
wave dye laser;~fp1! monitoring étalon with 150 MHz FSR;~fp2!
temperature-stabilized locking e´talon; ~l! wavelength meter; (l/2)
half-lambda plate~gt! Glan-Taylor polarizing prism;~pol! polarizer.
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sion profile of a temperature-stabilized Fabry-Pe´rot étalon.
By piezoelectric regulation of this e´talon, the dye-laser fre
quency can be tuned over a range of 3~2p! GHz. Recording
the fringes on a 150~2p! MHz monitoring étalon provides a
calibration of the frequency scale. The drift of the laser f
quency is less than 1~2p! MHz per minute, which is small in
comparison with the probe transition linewidth of 10~2p!
MHz. For accurate alignment, the laser beam is transpo
through a single mode optical fiber from the dye laser to
apparatus.

Absorption of the probe-laser beam in a Ne discharge
impractical to optimize the laser frequency of the probe la
due to the small Ne(3p) population in the discharge. There
fore we use the Ne(3p) states produced in the scatterin
center for finding the probe wavelength. In the case of
inelastic collision experiment an auxiliary laser is used
populating the final Ne(3p) state with subsequent optimiza
tion of the probe wavelength. We monitor the fluorescen
from the Ne(4d) state while making a scan of the prob
laser frequency reference. Once the probe transition lin
found, the laser frequency is locked to the temperatu
stabilized e´talon with a small drift (,5 MHz/min). Using a
piezoelectric detuning of this cavity, we can fix the las
detuning to its desired valuedprb. During a measurement th
probe wavelength is optimized periodically~every 10 min! to
compensate for the frequency drift of the probe laser.

The probe-laser power in the collision experiment is a
proximately 3 mW, which is sufficient to saturate the pro
transition. The waist position and size of the probe laser
chosen such that a good overlap with the pump lase
achieved. The waist size of the probe laser is typically 2 m
whereas the waist size of the pump laser is only 1 mm. T
polarization of the probe laser is rotated with al/2 plate and
subsequently cleaned up by a Glan-Taylor prism.

IV. DOPPLER PROBING
OF Ne„3s,3P0 ,3P2… ELASTIC SCATTERING

Applying the Doppler probing technique to the finalup&
states is not trivial due to the small final-state populatio
produced in our collision experiment. A suitable system
testing the Doppler probing technique is elastic scattering
us& states which are scattered over their full interact
length with the supersonic He expansion. From the transm
sion probabilityTi'1/e in Eq. ~7! it follows that approxi-
mately 70% of theus& particles are scattered by the He atom
before reaching the scattering center. Theus& states are ex-
cited to up& states using a tunable pump laser. The de
fluorescence of theup& states is measured as a function of t
detuningdpmp of the pump laser. The relation between t
detuningdpmp and the top anglex of the ‘‘Doppler’’ cone is
analogous to Eq.~5!.

We use the tunable dye laser~used as probe laser in
pump-probe experiment! to excite the 3P2→a4 transition.
The effective linewidthgeff is mainly determined by the
natural linewidthG and only to a small extent by the las
linewidth gpmp and the geometrical divergence of the Ne(3s)
beam. We measure the decay fluorescence of thea4 state as
a function of the detuningdprb with the He beam switched o
and off, respectively. The result of such a scan is plotted
Fig. 10. With the He beam on, we have an effective tra
-
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mission~or beam attenuation! of Ti'30%. For comparison
we show the signal with the He beam switched off multipli
by the same attenuation factorTi . For a detuning
dprb>20~2p! MHz the small angle scattering of the Ne(3s)
states contributes significantly to the observed signal.

The small angle scattering ofus& states is in good approxi
mation determined by the long-range part of the attract
potential@28,29#, which is given by

V~r !52C6 /R6, ~9!

with R being the internuclear distance. For scattering ang
u,u0 , with u05(4p/k2Q)1/2 a quantum-mechanical sca
ing angle, diffraction phenomena dominate the differen
cross section. In our case whereu0'4 mrad, this region is
not relevant. Foru.u0 small angle scattering is fully de
scribed by classical mechanics, i.e., the equivalent of ref
tion. For aC6 potential the differential cross section is r
lated to the scattering angle as@28#

s~u!/s~0!50.285~u/u0!27/3 ~u.u0!, ~10!

wheres~0! denotes the forward scattering cross section.
The measured signal is proportional to the integral of t

differential cross section over the Doppler cone with t
anglex, as indicated in Fig. 5. Using Eqs.~5! and ~10! we
derive in Appendix A an expression for the detected sign

S~dpmp!5C~geff ,nHe,l p!Fp2 2x~dpmp!G24/3

, ~11!

where the scaling constantC contains several experimenta
parameters. Note that this approximation is only valid
(p/22x),0.5 ~rad! where it is accurate within 1%. The to
anglex is written as

x~dpmp!5arccosS dpmp

Dvmax
D , udpmpu,Dvmax ~12!

FIG. 10. Direct fluorescence for the elastic scattering
Ne(3p,3P2) states as a function of the detuningdprb with the He
beam switched on~filled markers! and off ~open markers!. The
fluorescence for the He beam switched off is scaled with the atte
ation factorTi51/e. The solid line represents the model function
Eq. ~11! for classical small angle scattering.
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where we used Eq.~5!. In Fig. 10 the experimental data a
plotted on a log-log scale together with the model function
Eq. ~11!. For a detuning corresponding with anglesum in the
range 0.03,um~rad!,0.5 there is very good agreement wi
the relation of Eq.~11!. A background of approximately 30
Hz is subtracted. Obviously, the Doppler technique pro
the u27/3 character of the differential cross section. We co
clude that the Doppler technique works very well and can
utilized in our proposed pump-probe experiment.

V. Ne„3p,a7… ELASTIC SCATTERING

A. Measuring scheme

The excitation and detection scheme fora7→a7 elastic
scattering is shown in Fig. 11. We use alpmp5653 nm diode
laser to excite the3P0 states and a dye laser atlprb5593 nm
probes thea7 through excitation to aJd50 state of the
Ne(4d) multiplet. This Js50→Jp51→Jd50 scheme fa-
cilitates the analysis. The decay line of the Ne(4d) state to
the Ne(3p,a10) state atld5534 nm is detected with an in
terference filter at 534 nm with a 1 nmbandwidth.

In Fig. 11 three contributions to the detected 534 nm s
nals are indicated and numbered. The actual collision pro
that we want to investigate is denoted by the arrow 0. T
dashed arrows 1 and 2 show the competing excitation
cesses representing thedirect probing of unscattereda7
states and the3P0 states that are scattered before they
excited by the 653 nm pump laser. The suppression of
signal due to these competing processes requires a det
analysis of these signals. In this analysis we will not ta

FIG. 11. Pump-probe scheme for the elastica7→a7 transition.
The dashed arrows 1 and 2 indicate competing excitation proce
which contribute to the signal.

FIG. 12. Schematic representation of signals in the elastic s
tering probing scheme. The symbols are declared in the text.
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into account theuMJu dependency of the scattering proces
We start out by analyzing the desired process, i.e.,

probing of elastic scatteredup& states. This process is sch
matically depicted in Fig. 12. In the scattering center
have fluxṄp,i of up& states given by Eq.~8!. The collision
rate Ṅp, f(dprb) is determined by the effective density-leng
product

Ṅp, f~dprb!5nltsp~dprb!Ṅp,i , ~13!

wherel t5v it denotes the ‘‘life path’’ of the short-lived stat
and sp(dprb) is the differential cross section for scatterin
into the Doppler cone about the probe-laser beam with
anglex(dprb), as defined in Eq.~5!. These final states ar
resonant with the probe laser. Therefore they will contrib
to the desired LIF fluorescenceṄLIF

0 with the maximum ef-
ficiencyhmax, which depends on the lifetimes of theup& and
ud& states,

ṄLIF
0 ~dprb!5hmaxṄp, f~dprb!. ~14!

The total LIF signal including the two competing pro
cesses is given by

The two competing processes depend on the laser pola
tion configuration because no scattering occurs during
time interval between the pump and the probe proces
When using perpendicular laser polarizations for t
Js50→Jp51→Jd50 pump-probe scheme or parallel p
larizations in the case ofJs50→Jp51→Jd51 excitation
these processes can be suppressed considerably. This
pression is described by a factorhpol which can range typi-
cally from 1 ~no suppression! to 1023 ~maximum suppres-
sion!. The undesired contributions are estimated in Appen
B in terms of experimental parameters.

Two handles are available to suppress the competing
cesses:~i! the polarization configuration in combination wit
the us&-up&-ud& pump-probe scheme which determineshpol ,
and ~ii ! the detuningdprb of the probe laser. The ratio
ṄLIF

1 /ṄLIF
0 and ṄLIF

2 /ṄLIF
0 determine whether it is possible t

study the elastic scattering process of Eq.~1!. The first ratio
can be estimated as

ṄLIF
1

ṄLIF
0

.104hpolS g

2dprb
D 2

, ~16!

whereg is the linewidth of theup&-ud& transition, determined
by the lifetimes of both states. The second ratio can be
proximated by

ṄLIF
2

ṄLIF
0

.100hpol . ~17!

Thus we conclude that it is essential to efficiently suppr
the direct excitation processes (hpol'1023) in order to study
the elastic process.
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B. Results

It is important to know the orientation of the relative v
locity vectorvi with respect to the laboratory frame indicate
by anglew0 in Fig. 4. We calibrate the laser polarizatio
anglewpol defined with respect to He velocity by performin
a two-vector correlation experiment giving the offset an
w0 . The result of this measurement is shown in Fig.
where b1 denotes the angle between the laser polariza
Epmp and the relative velocityvi . Theoretically, a cos(2b1)
behavior is expected with a minimum forb150 and a maxi-
mum for b15p/2. In a least-squares analysis we determ
the relation between the two angles asb5wpol2w0 , yield-
ing an offsetw0532°. The offsetw0 also follows from the
average velocitiesvNe'1000 m/s andvHe'1800 m/s of the
crossed beams, which yieldsw05arctan(vNe/vHe)'29°.

We measured the LIF signal as a function of the detun
dprb of the probe laser for a parallel laser configurati

FIG. 13. Typical measurement of the polarized-atom cross
tion Q7→6 , as a function of the polarization anglewpol of the pump
laser. The corresponding angleb with respect to the initial relative
velocity is indicated.

FIG. 14. LIF signal (hpol51) for the elastic scattering o
Ne(3p,a7) states as a function of the detuningdprb with the He
beam switched on~filled markers! and off ~open markers!. The
fluorescence for the He beam switched off is scaled with the atte
ation factorTi51/e. The solid line represents thedprb dependence
of the model function of Eq.~11! for classical small angle scatte
ing.
n

e

g

(hpol51). The probe parameters are given in Table I. In F
14 the results are shown for the He beam switched on
off. We adjusted He beam densitynHe such that the trans
mission factor is equal toTi'1/e. The LIF signal in Fig. 14
for the He beam switched off is scaled withTi .

According to the preceding section, the contribution fro
the competing processesṄLIF

1 and ṄLIF
2 are not suppresse

whenhpol51. Therefore the LIF signal will be dominated b
the elastic scattering of Ne(3s), i.e., ṄLIF

2 , which causes the
broadening that can be seen in Fig. 14. We analyze the L
signal measurement with the classical small angle scatte
expression of Eq.~11!. For a detuningdprb,200~2p! MHz
which corresponds to scattering anglesum,20° we see a fair
agreement.

For the Js50→Jp51→Jd50 pump-probe scheme th
direct excitation ~hpol51 for parallel laser configuration!
with the probe laser on resonance and the He beam switc
off results in a huge LIF signal of 3003103 counts/s. This is
efficiently reduced in the perpendicular laser configuration
only 300 counts/s from which followshpol'1023. This
count rate is superimposed on the background signal~source
plus pump laser plus probe laser! of 260 counts/s. The 300
count/s ‘‘leakage’’ reduces with increasing detuningdprb.
For dprb5400~2p!-MHz detuning the leakage signal i
smaller than the noise on the background signal. In such a
off-resonance measurement we observe no significant di
ence between the LIF signal measured with the He be
switched on or off. In the case of perpendicular laser po
izations the expected LIF signal resulting fromMJ-changing
collisions is estimated in the range 5–10 counts/s. The
tistical noise can be reduced by increasing the measu
time. However, at the same time the drift in source operat
and laser light power induces a fluctuation in the LIF sign
of the same order of magnitude as the desired signal.

We conclude that the signals forMJ-changing collisions
are too small in comparison to the drift in the backgrou
signal. Quantum simulations show that theMJ-preserving
collisions have cross sections about a factor 10 higher. H
ever, the competing processes which contribute to the
signal cannot be reduced in this configuration sincehpol51.

VI. Ne„3p,a9˜a8… INELASTIC SCATTERING

A. Measuring scheme

The pump-probe scheme for the inelastic collisi
a9→a8 is shown in Fig. 15. In this scheme the two comp
ing contributions originating from the direct excitation o
initial up& states and from excitation of scattered metasta
us& states are eliminated. In contrast with the elastic scat
ing process, it is clear that now all laser configurations, i
parallel, perpendicular, and circular polarizations, can
studied.

By pumping from the3P2 state, a factor 5 is gained in
up&-state population in comparison with the excitation fro
the 3P0 states. Note, however, that we are not dealing wit
single magnetic sublevel anymore. The two-level charac
of the pump transition3P2→a9 allows the3P2 states to be
excited typically 25 times because the atoms reside in
laser beam aboutDt'1 ms550t. Although the cross sec
tions for the inelastic transitions are generally much sma
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than their elastic counterparts, the collision signals are
larged by the much longer interaction length 25l t'0.5 mm
in this special configuration.

This inelastic scattering process introduces the problem
finding the probe-laser transition. In contrast with the elas
probing scheme the collision-induceda8 states have to be
used to find the probe transition line. Due to the small s
nals, the probe line cannot be detected during a coarse
quency scan. Therefore an auxiliary laser is used whic
tuned to the3P2→a8 transition. Now thea8 states can be
populated sufficiently while scanning the probe laser.

B. Results

In our experiment typical background signals are
counts/s from light emitted from the source, 150 count
from the pump laser, and 250 counts/s from the probe la
adding up to a total background signal of 450 counts/s. W
the He beam is switched on an additional background sig
of 10 counts/s is detected. This is caused by the altered
ditions of the light production in the Ne expansion. The
background signals are quite constant during a measure
and are determined every half hour. To obtain a good sig
to-noise ratio we measure 2000 s for each detuning of
probe-laser frequency. In between two measurements the
quency drift of the probe laser is compensated for by me
of the auxiliary laser.

We measured the LIF fluorescence of theud& state as a
function of the probe-laser detuningdprb. The results for the
four linear pump-probe polarization configuration
(b1 ,b2)5(0,0), (0,p/2), (p/2,0), (p/2,p/2), are shown in
Fig. 16. We see a large dependency on the pump-laser
larization (b1). An effect of the probe-laser polarizatio
(b2) cannot be observed. We use a model function for r
resenting the data in a compact way. The only physical qu
tity which enters in this model function is the value
Dvmax5486(2p) MHz ~see Table I!. We take the basis
model function proportional to@12(dprb/Dvmax)

2#1/2. An
additional Gaussian function describes the forward scatte
peak arounddprb50. We see perfect agreement of the cut
at dprb5Dvmax.

For the circular polarization we have performed measu
ments for the (s1,s1) and (s1,s2) configurations. The

FIG. 15. Pump-probe scheme for inelastica9→a8 scattering.
The dashed arrow indicates an auxiliary laser to populate thea8

states for tuning the probe laser to the resonance frequency,
finding the ‘‘zero’’ point for the probe laser.
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results are shown in Fig. 17. For the two polarization co
figurations we see a similar shape of the LIF signal. Co
paring these results to the linear polarization measurem
in Fig. 16 we see that the circular measurements hav
concave shape whereas the linear data display a more co
shape. We use a Lorentzian shape function to represen
data of the form@11(dprb/d0)2#21, with d05250 MHz. A
cutoff at dprb5Dvmax is introduced by multiplying with a
Heaviside function. For the (s1,s2) configuration this fea-
ture is pronounced in the experimental data.

Using the parameters of Sec. III A for the flux of Ne(3s)
in the scattering centerṄs,i'1.13109 s21 and the detection
efficiencyhdet5231022 we can estimate the LIF signal fo
Doppler probing thea9→a8 transition. In Table VI typical
quantities which determine the detected LIF signal are giv
These quantities determine the collision probabil
Pcol5nHel intQ9→8 and the probing efficiency hLIF
5hmaxgprb/Dvmax. The expected LIF signal is written as th

e.,
FIG. 16. LIF signal measured as a function of the detuningdprb

for the a9→a8 transition for different combinations (b1 ,b2) of
linear polarizations: diamonds (b150); squares (b15p/2); open
markers (b250); filled markers (b25p/2). Two typical error bars
are indicated. The solid lines represent model functions for an
pirical description of the data.

FIG. 17. LIF signal measured as a function of the laser detun
dprb for the a9→a8 transition for the circular polarization combi
nations (s1,s1) and (s1,s2) which are represented by the close
and open markers, respectively. The solid lines represent m
functions for an empirical description of the data.
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56 2843FOUR-VECTOR CORRELATION EXPERIMENT ON . . .
productS5 f pmpṄs,i PcolhdethLIF'35 counts/s. Note that thi
signal is an averaged value and that effects such as ove
of lasers, laser intensities, and the effect of the polariza
configuration are not taken into account. Nevertheless,
estimate is in good agreement with the measured signal
sented in Figs. 16 and 17.

The overlap of pump and probe laser in the scatter
center is altered when changing the polarization configu
tion and hence the absolute value of the measured signal
the different polarization measurements cannot be comp
directly. Therefore in the further analysis only the shape
the measured cross section data will be used.

VII. COMPARISON WITH THEORY

A. Coupled channels calculation

The intramultiplet mixing process of Eq.~1! is described
quantum mechanically in a coupled channels calculat
Model potentials proposed by Hennecart and co-work
@22–24# serve as an input for this calculation. Manderset al.
extended the model potentials with a repulsive branch@26#
and performed calculations of polarized-atom cross sect
with the coupled channels code. Good agreement was fo
between the calculated and experimental cross sections i
thermal collision energy rangeE570– 130 meV. For super
thermal collision energies in the rangeE50.5– 2 eV the cal-
culated values are higher than the experimental cross
tions, as reported by Boomet al. @20#. Recently, this coupled
channels program has been extended to incorporate an
cal potential for describing the process of Penning ioni
tion; it has been successfully applied to Ne(3s/3p)1Ar col-
lisions @30#. In that sense, the coupled channels calculati
are a necessary tool for the description of these collis
processes.

B. Numerical simulation

The basis of the simulation is formed by the scatter
matrices calculated quantum mechanically in a coup
channels model. The pump-probe laser beam configura
enters the calculation in the form of two density matrices
initial-state preparation and final-state analysis, respectiv
Next, an expression for the experimental Doppler cross s
tion s~x! is derived. The simulation is described in detail
Ref. @31#.

The simulation is set up for a general pump-probe c
figuration. In our case the pump laser is aligned along
ycol axis, perpendicular to the initial relative velocityvi . The

TABLE VI. Estimation of the expected signal for thea9→a8

pump-probe experiment.

Units Value Total

nHe m23 1020

l int'25l t m 0.51023 Pcol5nHel intQ521023

Q9→8 Å 2 3.5
hmax 0.1 hLIF51023

lprb

Dvmax
0.01
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collision frame (xcol ,ycol ,zcol) and the Doppler frame
(xd ,yd ,zd) are related by a rotation over the Euler ang
~f,c,0! as depicted in Fig. 18. The laser configuration us
in our experiment with counterpropagating laser beams
described by the Euler angles (f,c)5(p/2,2p/2). The
angles (b1 ,b2) introduced in Sec. II A are now defined i
terms of rotation angles around thezcol andzd axis, respec-
tively.

Simulations have been performed for the differential Do
pler cross sections(dprb) as a function of the polarization
configuration of the pump-probe laser beams and the c
sion energy, withdprb the probe-laser detuning according
Eq. ~5!. Results of the simulation can be used either to
vestigate new pump-probe configurations or to compare
measured cross sections.

C. Elastic a7˜a7 scattering

For the elastic process the quantum-mechanical results
the four linearly polarized laser configurations are shown
Fig. 19. A clear distinction between the parallel~0,0! and
(p/2,p/2) and the perpendicular (0,p/2) and (p/2,0) laser
polarization configuration can be seen. The parallel confi
ration probes theMJ-preserving collisions which are
strongly forward peaked. TheMJ-changing collision cross
sections are more than a factor 10 smaller than
MJ-preserving collisions.

D. Inelastic a9˜a8 scattering

Since the initial statea9 with J53 is excited from the
metastable3P2 state withJ52, only the magnetic substate

FIG. 18. The collision frame (xcol ,ycol ,zcol) and the Doppler
frame (xd ,yd ,zd) are related by a rotation over the the Euler ang
~f,c,0!. The preparation laser beam is aligned along theycol axis,
the pump-laser beam along thezd axis.

FIG. 19. Quantum-mechanical results for thea7→a7 transition
at a collision energyE570 meV. The four basic linear polarizatio
configurations with angles (b1 ,b2) are indicated.
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in the rangeMJ522,...,2 aresymmetrically populated for
linearly polarized light with a population distributiongM .
This weighted distribution (gM) of incoherently populated
magnetic substates is determined in a Monte Carlo sim
tion described in Ref.@32#. With this distribution we calcu-
late the Doppler cross sectionss(dprb) for the four linearly
polarized pump-probe configurations. For the two circu
polarization configurations the distribution is given b
gM5d3,M .

In our experiment the initial relative velocity has a bro
distribution with an average valuêv i&52000 m/s and a
width of 300 m/s. In a coarse approximation we calculate
differential cross sections for three collision energies 55,
and 85 meV and use weight factors 0.6, 1.0, and 0.6 acc
ing to the energy distribution, respectively. The results of
simulation are shown in Figs. 20 and 21 for the linear a
circular polarization configurations, respectively. We se
small difference in cross section values for different pro
laser polarizations.

FIG. 20. Quantum-mechanical results for thea9→a8 transition
averaged over the experimental energy distribution~dashed curves!,
compared with the~scaled! model functions representing the expe
mental results~solid curves! for linear polarization configurations
with angles (b1 ,b2) as indicated.

FIG. 21. Quantum-mechanical results for thea9→a8 transition
averaged over the energy distribution~dashed curves!, compared
with the model functions~both scaled by the same factor! represent-
ing the experimental results~solid curves! for circular polarization
configurations as indicated.
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The simulated cross sections are compared with our m
sured data. We use different scaling factors for theb150
and b15p/2 measurements in the linear polarization co
figuration. When the polarization of the pump laser is r
tated, its spatial position is slightly altered, leading to a d
ferent initial Ne(3p) in the scattering center distribution an
thus different scaling factors. Furthermore, due to the sm
nozzle-scattering center distance of 2 mm, both the collis
energy and the He density vary rather strongly, over the s
tering center. For instance, the He density changes by 1
for a change of 0.1 mm in this position. The large waist~2
mm! of the probe laser guarantees a good overlap with
scattering center and the results are insensitive for a rota
of the probe-laser polarization. In the case of the circu
laser polarizations the two configurations (s1,s1) and
(s1,s2) are obtained by changing the probe-laser polari
tion. A negligible effect is expected and a single scali
factor between simulated and experimental results is use

E. Discussion

The quantum-mechanical simulations of the elastic sc
tering process suggest that the parallel configurations h
larger cross sections than the perpendicular polarization c
figurations. Experimental signals for the parallel cross s
tions (hpol51) are larger, but at the same time, there is
larger contribution of the undesired competing proces
which scale withhpol . Therefore only the perpendicular con
figurations, i.e.,MJ-changing processes, are good candida
for future measurements with high intensity bright me
stable beams.

It should be noted that in the numerical simulation t
experimental convolution effects are neglected, except fo
first order energy convolution as discussed above. Two o
important effects should be mentioned. First, the geometr
divergence of the Ne(3s) beam is characterized by a spre
of 10 m/s in the direction of the probe laser beam wh
translates into an additional convolution with a block profi
with a typical filter width of 30~2p! MHz. Second, the exci-
tation process of the Ne(3p) states does not occur at a sing
point in space. However, Monte Carlo simulations show t
the position dependence of the collision energy, the detec
efficiency, and the angle of the relative velocity cause
extra convolution which is not significant in comparison
the energy and perpendicular velocity spread@32#.

VIII. PUMP-PROBE CONFIGURATION

In our experiment, the choice of counterpropagati
pump- and probe-laser beams, both perpendicular to the
tial relative velocityvi , is fully determined by the geometri
cal limitations of the setup. Access to the scattering cen
from other directions was not possible. This configurati
results in an extra convolution of the differential cross s
tion, which in general makes access to the physical inform
tion harder.

It is useful to investigate the advantages and disadv
tages of this choice, as compared to the ideal situation
pump-laser beam perpendicular tovi and a probe-laser beam
collinear withvi . The advantage of the latter choice is clea
a single detuning of the probe-laser beam corresponds
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single polar angleu with only an integration over the azi
muthal anglef. The choice for a pump-laser beam perpe
dicular to the initial relative velocity is also rather straigh
forward: by rotation of the polarization vectorEpmp with
respect tovi we can easily prepare our aligned initial state
For a useful comparison of both configurations we plot
measured differential Doppler cross section in the ideal c
figuration as a function of the probe laser detuni
idealdprb(u), with idealdprb52Dvmax corresponding tou50
and thusdprb50; the caseidealdprb50 then corresponds to
u5p/2 and thusdprb5Dvmax. These data can be directl
compared to the results in the experimental configuration
the range 0,dprb<Dvmax. In the ideal configuration, we do
not consider the range 0, idealdprb<Dvmax ~corresponding to
scattering anglesp/2,u<p!, because there is no equivale
result in the experimental configuration. For simplicity, w
limit our discussion to initial states withJ51 that are laser
excited from the metastable Ne(3s,3P0) state using linear
polarized light.

We first discuss the elastica7→a7 collisions, probed by
a transition to a level withJ850. For a parallel orientation o
the pump and probe polarization vectors, i.e.,EprbiEpmp'vi ,
the measured Doppler differential cross section as a func
of the laser detuning is quite similar for both the experime
tal and the ideal configuration. This can be easily understo
Due to the strongly peaked character of small angle sca
ing, the contribution at an anglex in the experimental con
figuration is dominated by the region corresponding to
smallest angleu5p2x.

For a perpendicular orientation of the laser polarizat
vectors, i.e.,Eprb'Epmp'vi , we observe larger difference
First, the absolute value of the measured small angle Dop
cross sections is much smaller than for the parallel orie
tion. In this case, onlyuDM u-changing collisions contribute
at small angles, resulting in both the experimental and
ideal configuration in much smaller absolute values of
measured Doppler cross sections as compared to the pa
configuration. Second, the differential Doppler cross sec
in the experimental configuration has lost all of its oscillato
structure. At small angles, its magnitude is also a facto
less than the signal for the ideal configuration. Only at la
anglesp/6,u<p/2 do the two configurations show simila
results.

Next, we investigate the inelastica5(J51)→a7(J51)
transition, probed by a transition to an upper level w
J850. The reason for using this transition as a test case is
detailed understanding of its nature within a semiclass
model in terms of an avoided crossing@26#. In Fig. 22 we
show the calculated results for the Doppler differential cr
section for both configurations, plotted as a function of
corresponding detuningdprb or idealdprb. We have assumed
parallel orientation of the polarization vectors, i.e
EprbiEpmp'vi , as depicted in the lower part of the figure. A
expected, all the oscillatory structure visible in the ideal co
figuration is lost in the experimental configuration. We o
serve a smooth curve that represents the general behavi
the differential Doppler cross section. The same observa
holds for the perpendicular orientation of the polarizati
vectors: again the oscillatory structure in the ideal confi
ration is transformed into a smooth curve in the experime
configuration.
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We conclude that in all cases the ideal configuration
the pump- and probe-laser beams,kpmp'vi andkprbivi , is to
be preferred. However, the experimental configuration u
for the experiments presented in this paper does smooth
oscillatory nature but still reveals the general nature of
scattering behavior in many cases. Moreover, in many ca
the oscillatory behavior of the inelastic differential cross s
tion is extremely sensitive to minor details of the potentia
leading to the philosophical question if resolving these os
lations really leads to a better understanding of the collis
dynamics of these inelastic processes.

IX. CONCLUDING REMARKS

Compared to the two-vector correlation experiments p
formed by Manderset al. @19# and by Boomet al. @20#, we
obtain an enormous amount of additional information fro
our LIF Doppler probing experiment. As yet, the LIF tec
nique can only be applied to study the Ne(3p,a9→a8) tran-
sition, with the initial laser-excited state being the upp
level of a closed level system. This results in a large incre
of the effective life path in this state. In the experiment
elastic collisions of Ne(3p,a7) we have shown that compe
ing processes contributing to the LIF signal and the sm
signals inhibit us to study the elastic four-vector correlati
process.

The good agreement between experiment and theor
shape of the differential cross sections and their relative s
ing for different laser polarizarion configurations show t
power of the model potentials@22–24#. Even up to this level
of detail they strongly support the experimentally observ
features.

In the Ca-He experiments by Smithet al. a more detailed
analysis of the experimental results in terms of cohere
cross sections is possible, because the gain in signal stre
is much longer both due to a ground-state lower level of
Ca and the broad bandwidth of the probe laser. Compar

FIG. 22. Calculated results for the differential Doppler cro
section for the inelastica5→a4 transition, both for the ideal pump
probe configuration and the experimental configuration used in
experiments in this paper. Both pump-probe configurations are
picted in the lower part of the figure.
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with theory, however, is very limited due to the scarce inf
mation on potential surfaces for these systems with two
lence electrons.

The recent development of bright beams with a 10 0
fold increase in beam flux and ‘‘monochromatic’’ velocitie
@33# offers good prospects for more detailed LIF Dopp
experiments on all transitions of the Ne-He system. Ela
collisions as well as other inelastic collisions can be stud
when the fluxṄs,i of metastable atoms in the scattering ce
ter is increased drastically.

APPENDIX A: LIF SCHEME FOR DETECTING
SMALL ANGLE ELASTIC SCATTERING

In this appendix we derive an expression for small an
scattering detected with a Doppler LIF technique. For
configuration where the pump laser is perpendicular to
initial relative velocityvi ~z-axis!, the relation between the
scattering angleu and the probing direction~x,z! of Eq. ~6!
has to be used to derive an expression for the fluoresc
signal as a function of the laser detuningdprb. Basically, the
signal is proportional to thenlQ product and we find for the
signal

S~dprb!5C^nHe& l sE
x

x1DxE
0

2p

dzs@u~x,z!#sinx8dx8,

~A1!

whereC is a scaling constant,^nHe& is the average He beam
density, andl s is the scattering length of the metastable
oms ('2 mm). The solid angle element is represented
dV5sinx8dx8dz. The finite x integration denotes the reso
nance contition. A more accurate expression for the signa
obtained by integrating over the Lorentz profileL(v,geff) of
the transition:

S~dprb!5C^n2& l sE
2`

`

dvE
0

2p

dzL~dprb2v,geff!

3s@u~x~v!,z!#, ~A2!

with udprbu,Dvmax. To evaluate the above expression w
use Eqs.~5! and~6!. We assume that the cross sections~v,z!
is constant over the width of the Lorentz profile. This a
proximation reduces thev integration to unity. We find for
the signal

S~dprb!5C8^n2& l sE
0

2p

dzs@u„x~dprb!,z…#. ~A3!

The integral over the azimuthal anglez is integrated numeri-
cally. When the semiclassical expression foru.u0 in Eq.
~10! is substituted in the integrand, the integral can be
proximated by

S~dprb!'C8^n2& l s~p/211!@p/22x~dprb!#
24/3. ~A4!

The exact approximation of the integral with the express
above within 1% in the range 0,p/22x,0.5 strongly sug-
gests that a mathematician should be able to derive this
pression analytically.
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APPENDIX B: COMPETING PROCESSES
IN THE LIF SIGNAL FOR ELASTIC SCATTERING

The two competing processes contributing to the popu
tion of theud& state are graphically represented in Fig. 23
more detail. The first competing process is the direct exc
tion of initial up& to ud& which is depicted in Fig. 23~a!.
These unscatteredup& states are not resonant with the pro
laser. Thus they are converted to LIF photons less efficie
in the off-resonance tail of the line profile as given by

h~dprb!5hmax

L~dprb,g!

L~0,g!
5hmax

1

11~2dprb/g!2 , ~B1!

where g is the linewidth of theup&→ud& transition and
L(Dv,g) denotes the Lorentz line shape function. The co
tribution of the direct excitation can now be written as

ṄLIF
1 5hpolh~dprb!Ṅp,i , ~B2!

with Ṅp,i given in Eq.~8!.
The second competing process is more complicated an

depicted in Fig. 23~b!. Even though theus& states may be
scattered out of resonance, they can still be pumped in
tails of the Lorentz profile. These excitedup& states cannot
be distinguished from the actual scatteredup& states that we
are interested in. The collision rateṄs, f(dprb) for us& state
scattering is obtained thru the effective density length pr
uct

Ṅs, f~dprb!5nHel sss~dprb!Ṅs,i , ~B3!

with ss(dprb) being the differential cross section for scatte
ing. Because these scatteredus& states reside in the lase
beam for a long time (Dt'1 ms'50t), eventually they will
be excited by the pump laser

Ṅp, f
2 ~dprb!5 f pmpṄs, f~dprb!5nHel sss~dprb!Ṅp,i , ~B4!

FIG. 23. Schematic representation of competing proces
which contribute to the LIF signal of the elastic scattering prob
scheme:~a! direct probing of initialup& states and~b! probing of
scatteredus& states.
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where we substituted Eq.~8!. These excitedup& states con-
tribute to the LIF signal with the same efficiencyhmax as the
scatteredup& states. However, because they have not collid
in between the two excitation processes, this undesired
tribution may be suppressed by the same factorhpol as in Eq.
~B2! and can be written as

ṄLIF
2 ~dprb!5hpolnHel sss~dprb!Ṅp,i . ~B5!

The ratiosṄLIF
1 /ṄLIF

0 andṄLIF
2 /ṄLIF

0 can now be estimated
The first ratio can be written as

ṄLIF
1

ṄLIF
0

5hpol

1

11~2dprb/g!2

1

nHel tsp~dprb!

.hpolS g

2dprb
D 2

1

nHel tsp~dprb!
, ~B6!

where we assume thatg!dprb. With nHe'1020 m23,
l t'20 mm, andsp(dprb)'O(5310219 m2) we find
B
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ṄLIF
1

ṄLIF
0

.104hpolS g

2dprb
D 2

. ~B7!

The second ratio can be approximated by

ṄLIF
2

ṄLIF
0

.hpol

l sss~dprb!

l tsp~dprb!
. ~B8!

For the two interaction lengths we have,l s'2 mm for theus&
state, andl t'20 mm for the up& state. Assuming that the
cross sectionsss andsp are similar in magnitude, this ratio
can be estimated with

ṄLIF
2

ṄLIF
0

.100hpol . ~B9!
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