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Laser Probing of Metastable Atoms and Molecules Deflected by Electron Impact
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A new technique for determining electron impact metastable excitation cross sections which
exploits angular deflection of the target is presented. The deflected targets, further excited by laser
radiation which is resonant between the metastable state and a: Hyluberg state, are detected
using field ionization. The target deflection angle and flight time determines the associated electron
scattering angle, whereas the laser probes individual states of the electron excited manifold. New
information over a full range of scattering angles from forward to backward scattering is then obtained.
[S0031-9007(99)09364-3]

PACS numbers: 34.80.Dp

The study of electron collision processes has a longtate using resonant laser excitation. Polarization analy-
tradition in the field of atomic and molecular physics, sis of fluorescence from this laser excited state measured
much of this work involving either excitation [1] or ion- in coincidence with the scattered electron can then be im-
ization [2] of the target. Determination of the incident andplemented. The upper state radiation carries information
scattered electron momenta has allowed differential crosabout the metastable state which can be extracted by care-
section measurements for comparison with state-of-thefully modeling the laser interaction process [5]. This tech-
art quantum mechanical models. The most sophisticatedique has been successfully used to determine a complete
techniques employ coincidence methods to maximize theet of collision parameters for tie P; state of mercury
information obtained about the collision. For ionization, [6,7]; however, it has not as yet been applied to metastable
(e,2e) coincidence studies where the incident, scatteredargets. These stepwise electron-laser coincidence experi-
and ionized electron momenta are determined allow a denents are difficult due to the very low coincidence yield,
tailed description of the ionization process to be ascerrequiring long term stability of the laser and electron
tained. For excitation studies of the target atom or ionspectrometer. To facilitate acceptable statistics in these
decay radiation from the electron excited state is measuregkperiments run times of weeks to months for each scat-
in coincidence with the scattered electron momentum. Byering angle are required, making the experiments very
measuring the polarization or angular distribution of thedifficult in practice.
radiation a set of atomic collision parameters can be ob- A new experimental technique is presented here which
tained, allowing the alignment and orientation of the targetallows the collision process to be studied by considering
to be determined for comparison with theory [1,3]. details of the excited targets themselves. This is achieved

By contrast, excitation to a metastable target cannot usey using a pulsed supersonic target beam which has a
conventional coincidence techniques since the target doegell defined initial momentum (in contrast to the effu-
not decay by dipole radiation [4]. At present no mea-sive atomic beams used in conventional experiments). A
surements have been made to determine atomic collisiopulsed electron beam excites and spatially deflects the
parameters for these targets. Since electron impact exargets, with the deflection angle being selected using a
citation to metastable atomic and molecular states playsietastable detector which rotates around the interaction re-
an important role in the energetics of many processes imgion [8]. Following electron collision both the deflection
cluding plasma formation, fluorescent lighting, and astro-angle and time of flight of the excited targets is accurately
physics it is advantageous to understand these excitatianeasured. Since the distance from the interaction region
mechanisms in detail. to the detector remains constant, this allows the final mo-

One technique that can be used to determine metastalbieentum of the excited targets to be determined.
alignment and orientation parameters is to transfer the The equations of motion which govern the final target
information from the metastable target to a higher Iyirpgstate momentun®,; are given by [9]

Pap = mqvay = \[Ph + P4 + PY — 26P,;sin0, + A)
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wherem, is the target massy, is the final velocity of the targe®,; is the initial target momentun®,; andP,, are,
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respectively, the initial and final electron momenéa,
is the electron scattering angle, afigl is the measured
target deflection angle. Measurement of the momentum
of the deflected targets (i.e., the time of flight and
target deflection angle) then allows the associated electron i
scattering angle to be obtained. 0

As an example in the present experiments for helium |
with a 40 eV incident electron beam tlé&s, and 23S, |
metastable excited targets deflect through scattering angles-
from ~4° for forward electron scattering through te28°
for backward electron scattering. Between these extremes
different electron scattering angles produce different tar-
get momenta which can be measured using time of flight
techniques at a given detector angle. Since a unique rela-
tionship exists between the electron scattering angle and
momentum transferred to the deflected target [Eq. (1)],
it is not necessary to detect the scattered electron to de- {3
termine the differential cross section. Furthermore, since
the excited targets can be measured for all possible elec-
tron scattering angles, a complete differential cross section
is determined. Until recently conventional methods have
prevented measurements in either the fully forward and/
or high angle backward scattering geometries; however, a
new and alternative technique has recently been developed
using a modified electron spectrometer which also allows gfgggﬁg
cross sections in these regions to be determined [10].

Figure 1 shows an example of the metastable target sig- S I IR iily u
nal as a function of deflection angle and time of flight ob- 90 110 130 150 170 190
tained from the interaction of a pulsed supersonic helium Delay time after electron-target interaction (us)

beam with a 40 eV pulsed electron beam crossed perpe&—lG_ 1. Deflected metastable helium momentum measure-

dicular to the target beam. The electron beam temporahents for a 40 eV incident electron beam. The analyzer set
pulse width wast us and the pulse repetition rate was between 4 and 28 detects botl2'S, and23S; metastable tar-

150 Hz. The first graph shows a single peak obtained at gets over a complete range of electron scattering directions.
target detection angle of4orresponding to forward elec- The electron scattering angle corresponding to the individual
tron scattering. As the detection angle is increased et peaks is shown.
distinct peaks emerge, corresponding to different electron
scattering directions. Between target deflection angles dfme of the metastable targets. The electron analyzer can
10° and 24 the peaks are fully resolved. As the detectionbe positioned at this angle, the resulting coincidence count
angle further increases the peaks once more start to mergpetween electrons and metastable targets eliminating all
until at 28 deflection angle only a single peak remains.cascade contributions to the signal. Experiments imple-
This corresponds to electron scattering in the backward dimenting these selective coincidence methods are currently
rection. Since the area under each peak is proportionddeing set up in the laboratory.
to the metastable excitation cross section, the differential The new experimental technique presented here will al-
cross section is obtained over a wide range of scatterinfpw ro-vibrationally selective measurements in molecules.
angles as shown in Fig. 2. This selectivity is impossible within the metastable mani-
It should be noted that this measurement involves confold of a molecule even with the highest resolution elec-
tributions from both the's, and23s; metastable helium tron spectrometers [11] since the levels are very closely
states. Further, a contribution arises from cascading intspaced energetically. In the experimental technique
these states from higher lying electron excited states. kescribed here a high resolution tunable laser is used to
is possible to resolve the cascade contribution by applyresonantly excite the deflected targets from a particular
ing a coincidence technique between the metastable signaletastable state to a high lying Rydberg state [12] and the
and the scattered electrons using an electron analyzer ssergy resolution of the incident electron is therefore im-
to pass only electrons of the correct energy for metastablmaterial. The resolution of the laser is exploited to select
state excitation. This has a considerable advantage overdividual metastable states from the manifold of electron
other coincidence techniques since the electron scatterirgxcited states. In metastable helium, individual contri-
angle is already known from the detection angle and flighbutions of the2'S, and 23S, metastable helium states,
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LIS, . . S . L L L ates the resulting ions towards an apertured ion detector
2's, , 2°S, Metastable Helium Excitation where they are counted. By measuring the ion yield as a
40eV Incident Electron Energy function of flight time in the detector the individual con-
tribution to the differential cross section from thés,
target excitation is determined.
Figure 4 shows an example of the laser prohés,
time of flight ionization signal at a detection angle of
6°. The metastable signal arising from ba2hS, and
235, metastable targets is also shown for comparison.
The ion signal is measured as a function of flight time
by delaying the laser pulse to select different regions of
the metastable targets as they pass through the laser beam
0 20 40 140 interaction region inside the detector. The field ionized
Deduced electron scattering angle 6 signal is counted earlier than the metastable signal since
¢ the laser interacts with the metastable targets upstream
FIG. 2. The extracted differential cross section for excitationfrom the metastable detector. This also results in the
to thez}SO and2’s; metastable states at 40 eV incident energyyg|ative narrowing of the signal which is observed.
gftﬁmw?g;{%mnn}grgiegﬁ“im deflection measurements, a SUbsetThe difference in intensity of the metastable signal and
ion signal mainly arises due to the efficiency of the laser
interaction process, and due to the low repetition rate of
separated by 798 meV, can be determined using ghe pulsed laser which operates at 20 Hz. The ion signal
high resolution electron gun and analyzer, but here Wgyas measured for 1000 sec at each data point. The most
establish the viability of the laser probing scheme forstriking difference is seen comparing the fast peak (whose
wider application. area is proportional to the cross section for an electron
This new experimental method has been SUCCESSfUllycattering ang|e of 2§, to the slow peak (whose area is
implemented using helium as the target prior to conductproportional to the cross section for an electron scattering
ing experiments on a molecular target. Figure 3 shows thgngle of 12). For the combined's, and23S; metastable
excitation mechanism that has been used. A 40 eV pulse@rget manifold the differential cross section ratio between
incident electron beam deflects the helium atoms and eXhese measurements is around 1.7:1, whereas for the
cites them to the unresolvez! S, and 2°S, metastable individual2'S, state this ratio is approximately 3:1. This
states as described above. A pulsed laser beam interagfglicates that the cross section varies more rapidly with
with the targets upstream of the metastable detector, resgcattering angle for the singlet state compared to the
nantly exciting the2's, targets to the30' P, state using triplet state. By moving to a different angle and repeating
radiation at 313.651 nm. These highly excited targets arghe experiment over the range of detector angles from
ionized using a pulsed electric field which also acceler4° to 28> a full differential cross section for thals,
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FIG. 4. Time of flight measurements of tieS, and 235,

FIG. 3. Resonant laser excitation in helium from tRES, metastable targets at a detection angle btémpared to the
metastable state to th&0)'P, state. A pulsed electric field field ionized signal obtained from laser excitation of thes,
ionizes the laser excited targets, the ions being counted asrgets. The ion yield occurs at a shorter flight time since
a function of flight time. The laser selects only tRés, the laser interacts upstream from the metastable detector. The
metastable targets, thereby allowing individual state crosglifference between the!s, target yield and the combined
section measurements to be ascertained. metastable target yield as a function of scattering angle is seen.
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FIELD polarized radiation excites the metastable target from
IONISATION______| TONISATION the outerm; = *+1 substates, while linear polarization
LIMIT 5Sow]  TosorEroied excites only from them; = 0 substate. Measurement
Laser Phot (L=0) Rydberg State of the field ionization yield as a function of laser
aseg=h‘1,°“ 3 polarization, target deflection angle, and time of flight
NN & 3, then allows detailed information about these substate
ng‘ %f, e excitation cross sections to be determined.
-otate . . . .
Y & @L=1 Laser excitation studies are currently in progress to
mo=-1) mfo‘ d 7=+ characterize the laser transitions from individual ro-
\ : vibrational states in the molecula’Il, H, metastable
Scattered Dlectror™ : Mgﬁiﬁgﬁl S_taltff manifold to higher lying Rydberg states prior to carry-
Momentum = P, : : ing out deflection experiments on this molecule using the
o techniques described here. This will then allow individual
A ro-vibrational state electron impact differential cross sec-
Incident Electron % 3 Ground State tion measurements to be obtained from a molecular target
Momentum = P ; i Momentum =P, for the first time.
/ The authors thank the EPSRC and the University of

FIG. 5. Resonant laser excitation from a metastablstate Manchester for providing funding for this project.

(L = 1) to a high lyingS state(L = 0). The laser polarization

allows excitation from individual substates, circular polarization

exciting from the outer; = *1 states while linear polariza-

tion excites from them; = 0 state. The target in the upper
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