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Abstract more difficult as the ionic charge increases. In
addition, it is desireable to measure excitation

For the first time absolute total cross sections of non_'adiatlng states, since it is for such

for electron-impact excitation of a multiply- states tI_at the fractional contribution of
charged ion have been measured using an electron- capture resonances becomes large and the test of
energy- loss technique, Measurements were made the theory becomes most crucial. Thus, it has

near threshold for the process e + Si3+(3s2S_z2) long been recognized [2] that new approaches must
-* e + Si3.(3p_P112, 312) - 8.88 eV, The I0-I_ cm 2 be found for the experimental study of electron-

measured cross section agrees with results of 7- impact excitation of multiply charged ions,
state close coupling calculations to better than

the +20% (90_ CL) total uncertainty of the The invention [3] of the electron beam ion trap
measurements. Convoluting the theoretical curve (EBIT) and creative use of the electron beam ion
with a Gaussian energy distribution indicates an source (EBIS) [4] have ushered in a significant

energy w_dth of 0.15 _< _E < 0,20 eV, new approach to the study of excitation, lt is
possible to obtain excitation cross sections for

excitation to some states of highly charged ions,
I. Introduction such as lie-like argon and Ne-like barium or gold,

with energy resolution characteristic of these

The physics of multiply-charged ions has become devices (=50 eV) by observing fluorescent X-rays

the object of much attention recently, driven and normalizing to theory for [3] radiative

partly by the important role such ions play in recombination or I4] dielectronlc recombination.
fusion, astrophysical and other hlgh-temperature Though the energy resolution is large compared to
plasmas and,partly by the fact t_at new technol- state widths, lt is narrow enough to clearly

ogy has become available which makes meaningful observe some excitation resonances in the cross
experimental investigations of multlply-charged sections measured.
ions posslb_.e and palatable, The collision

physics associated with these "objects" has To further fill the need for methods to study

proven fascinating and challenging, particularly excitation, anenergy-loss" merged-beams technique
as the plethora of resonances and their roles in haz been developed 15] and has now been installed
different collisions have been uncovered, on a beam line of the Oak Ridge ECR ion source

and used to measure cross sections for excitation

Despite _this recent interest and activity, there of Si 3+. The method achieves a detection
is little experimental data on the electron- efficiency of close to unity (=0.7). The

impact excitation of multiply charged ions. Using teclmique leads to absolute measurements
the tech£,ique of crossed beams and fluorescence requiring no normalization, has an energy
detect.ion, measurements of absolute cross sec-

tions ha_.. been made III only for C 3+, N _+, AI 2+,

and fig2+. The <I0 -4 detection efficiencies, the " Others developing related trochoidal

decreasing cross sections with increasing charge, techniques for electron-i0n excitatlon studies

the tenuous target densities, and increasingly' " include: A, 'Chd_jlan et a/. at Jet Propulsion

difficult absolute radiometry with decreasing Labs, D. _elic e_ al. at Belgrade University,
wavelength couple to make these measurements ever D.tJ. Mueller ec al, at North Texas State Univ.,

and I.D. Williams or al, (this volume) at

Queen's University, Belfast. A, Chutjlan has

aPresent address, Los Alamos National previously used conventional energy loss

Laboratory, P-I, MS-ES26, P.O. Box 1663, Los techniques to study relative differential cross

Alamos, NM 87544 _,ectlons of Zn +, Cd +, and Mg . over the angular

bStaff Member, Quantum Physics Division, range 6 to 17 degrees, A similar system for

National Institute of Standards and Technology differential measurements on multiply charged

c1989,90 .J.ILA _Vi$1_Ing_F_llolg__.on Lea_e from ....... ions is currently being developed irl Grenoble by
University College London B,A. liuber et al. (this volume).



resolution of about 0.2 eV, and gives cross current of about Iea nA is measured, lt is clear

sections for both radiating and nonradiating that electrons which have elastically scattered
states in the important threshold reglon. Tile at large angles may also impact the PSD, and

technique was designed for use with ion beams these will be discussed later.
from ECR or EBIS sources, but should readily be
adaptable for use .with storage rings. Ions are extracted from the electron-cyclotron.

resonance (ECR) ion source to lOq keV, where q is

the ion charge. Because of the ions' much larger

11, Experimerv_:a1'Approach mass, and hence much lower cyclotron frequency,
they are not significantly deflected in these

The experimental method is _chematically regions, and their trajectories are easily
illustrated in Fig. i and described in detail corrected with sets of deflector plates (not

elsewhere {6]. The apparatus is immersed in a shown). The ions are bent by a 45 ° energy
uniform magnetic field (for the present experi- analyzer into a Faraday cup and their current
ments :0.004 T) in the z direction, Sets of measured. Despite beam intensities of several

parallel plates labelled "merger" and "demerger" microamperes of Si _+ from the ion source, the
provide electric fields in the y direction, hi6h degree of collimation required for these
Charged particles undergo trochoidal motion in experiments loads to about 30 nA of current i'n

these regiot_s with trajectories expressed by: the collision region.
x-p/_:(wct-slnw=t); y-p/w=(1-cos_¢t); and z-90t.
Particles reproduce their initial velocities Cross sections for the inelastic scattering

after each integral numbe_ n of cyclotron periods process can then be determined from the equation
2_/w c, but with the particles displaced by Az -
2.ng.o/Wc and 6x- 2_np/_ c. Thus, in these two R v,v i q e_ 1 :

regions, charged particles undergo a drift in the o - --( (v, - v,) -_.II _[_ (I)
x direction with drift velocity 9 - ExB/B 2. The

fields are chosen such that there are exactly two
cyclotron periods in tl,emerger, so the electrons where R is the event count rate at the desired

again have vel.ocity zok as they merge [7] with location on the PSD, ( is the detection effi.

the ions coming along the z axis. ciency for the scattered electrons and ve and v i
and I. and Ii are the velocities and currents of

After the beams have been merged and allowed to the electrons and ions respectively. The quantity

collide over a nominal 8 cm (this path length is I/_ is t]le boal,1overlap factor determined from

adjustable) path, the beams enter the demerger the beam density distributions G(x,y,z) and
where the electrons separate from the ions. lI(x,y,z) f['om the relationship
Because of the "competition" between the

electrons' forward velocity and their drift F G(x,y,z)H(x,y,z) dxdydz

velocity p, those electrons which have undergone [_= ] . (2)
scattering ehd reduction of their fo_'ward f

velocities will travel at a different angle in J O(x,y,z)dxdy , J H(x,y,z)dxdydz
the demerger region. Thus, there is dispersion

of the electrons here. The slow electrons, which The quantities O and H are determined by
have been inelastlcally scattered, impact a measuring two- dimensional distributions at a

position sensitive detector (PSD) and are number of places (usually 7 - 9) along the inter-
counted, while unscattered electrons are col- action path using a fluorescent screen/ digital-

letted in the electron Faraday cup where their video camera technique [8].

POSlTIONSENSlTIVE The efficiency ( is determined by measuring the
DETEr'rOrt\

EL_C_RONcuP \ ,,NTr-R^CTmm_ current of a reduced (==IfA) electron beam at the

I \ / __ PSD and counting the particles in the beam.
I ..... I -' -,

-! i'".-I .. B,= E,y Scanning the beam across the PSD affords the

the detector is not spatially variant to any_c ,, / -._%-- IONBEAM_nO_

significantextent.
/ o,.,.OER/ A I \

z_l \ _J / \11111 In practice, the counts arriving at the PSD from
[ \ ' N BEAM_0 =o, ° .... / _ "_T[ = the reaction being studied constitute but a small

\ DEFLECTOn ......... _ fraction of the total,,and measures must be taken
_" ELECTRON

\ IONFARADAY I t ME'RGER aUN to separate the signal counts from the "back-
cup 10=m ground," The vacuum in the cryo-pumped collision

region is about 8 x 10-m Pa. Still, there are
Fig, I, Schematic |_Iuetrablon of _he e_ectron-energy-lo_ merged-
be=meepper=Lum, about 50 s-_ counts/nA from electron scattering

on the background gas, about 50 s-*/nA from

surface s.catterl.ng., of.. ele.ctroD.s._., a..nd._about _0
'" s-t/nA from gas scattering of the ion beam.



Overwllulminp Ll.eue sou_'ces is about 500 s-'/t_ thruslmld but we+. ll.ttted measurement++ to ±0.6 eV

from tlm ions due tc, tile fact tlt,'+tfor Na-lJl<e about tl+e three}told etmrgy of 8,88 eV,

lolls a fL'actlon of tl+e ions are in long-lived (I
-I0 loS) autolonizlng states [9]. Tllus, there is Also associated with the potential drop across

a _tL'eam of electL'ons produced along tlle ion beam the demerger is the fact that low-energy

patll, and in particular the electrons emitted by electrons will be retarded and even rejected in
tl+o ion 'beam while iu tlm demerger constitute the bottoin half of the demerger, Electrons with
most of the background, zero energy in the center-of-mass frame (CM)c

resulting from e×cltatlon at threshold, will have

The above background rates, when combined with about 0.86 eV in the laboratory frame, and if the

beam curt'el_tS, lead to total baq_:ground rates of potential at: tl_e locatlc,n oi the beam ix more
15 kllz from ions, lO kllz from electrons, and negatlv,e tltan tl+is, th,,se electrons will be

about I00 }Iz from "signal." Separation of signal rejected, The dumerger Ix thus run in an

from background is approached by beam chopping "accelerating" mode so that all particles are
techniques, using a phased 4-way chopping scheme slightly accelerated into the device, This,
I6] at i kJlz to i,inlmlze background neutral again, degrades the dispersion of the device,

density ,lodulation. The four gated rates for The beam distributions, G(x,y,z) and H(x,y,z),
(electrons + dark), (ions + dark), (signal + ions are used to determine a locus of origin of signal
+ electrons + dar_), and (dark) are stored for tlm scattering events, arld modelling cal.

according to location in four separate histogram culations (6) are carried out to determine where
memories, and appropriate arithmetic ix done on the signal electrons will arrive on the detector.

the arrays on nn updating basis during a run. This allows one to look only at those coordinates

1'his is stralgl_tforwnrd, except that, because the where signal should arrive, thus blocking some
backgrounds from ions and electrons are about the background, lt also determines a small correction

same, the total rate into the memory containing for electrons net detected -- usually less than

the signal is nearly twice that for either 6%. The modelling is carried out for each point

electrons or ions alone. This leads to the n_ed for the full range of scattering angles in the
to determine dead times to better than I%. Dead CM.

times both of the electronics and of the micro-

channel plates of the PSD were taken into
account. III. Results

Tile electron-,_urface scattering at tlle entrance Measured cross sections are shown in Fig. 2 as

to and in the demerger was a problem which could solid points with error bars which represent 90%
lead to "false signals" due to micromodulation of confidence limits (about 1.7o) for relative

the electron beam's position by the space charge uncertainties. These relative uncertainties are
of rho ion beam. Great care was taken to ensure statistical counting uncertainties added in
the absence of such effects, quadrature to uncertainties due to possible

spurious signals, beam overlap, and incomplete
The most serious limitation in the method is that signal collection. The larger circle at 9.2 eV

a particle beam, upon entering the EXB region, has two sets of error bars: the inner represent
experiences a potential gradient across the beam the relative uncertainty described above, and the

helght', and this J.n tuL+lImakes it appear that tile outer has added in quadrature uncertainties due

beam has a much greater energy spread -- the to dead-time corrections, detector calibration
dispersion is greatly sacrificed to this so- and beam current measurements. The total
called "shear effect" [I0]. This loads to the absolute uncertainty near the maximum of the

most critical difficulty with the measurements: cross section is +20% at 90% CL,

separation of iuelastically scattered electrons

from elastically scattered ones. Thus, the The solid curve in Fig. 2 has been generated by

trocholdal demerger works basically by sending convoluting a hypothetical 0.2 eV C,aussian energy
particles at an angle determined by the drift distribution with 7-state R-matrix close coupling

velocity p - E/B and the longitudinal (along B) calculations of Badnell et al. [II]. The thee-
velocity, v , so 6)- tan'l(p/v ). Many electrons, retical curve has been shifted 0.17 eV in energy

elastically scattered at large angles from the to bring the t)_reshold into agreement with the
Si 3+ ions, will have the s_me v as the in- spectroscopic value, Agreement with experiment

elastically scattered el_ctrons of interest and is seen to be excellent and well within the +20%

will thus appear at the detector over the same uncertainty Of the measurements. The theory did

locus of positions. To partially obviate this not take into account the 0.057 eV energy

problem, we introduced limiting apertures at the difference in the 3P;/2 and 3P3/2 levels, Thus,

demerger entrance, keeping electrons elastically rather than a single step function at 8.88 eV,
scattered at angles greater than 20" in the the hypothetical "true" cross section would be

laboratory from entering the analyzer. This the sum of two step function cross sections: the

allows separation for a short range above 3P1/2 at 8,839 eV with a magnitude of about 3.7

threshold, but severely limits the energy range x I0 -lc' cm _ and the 3P312 at 8.896 eV with a
above threshold over which one can make magnitude of about 7.3 x 10-16 cm _, If this ks

measurements. As presently configured our taken into account, convoluting this hypothetical
modelling showed good separation for 2 eV above curve witll a 0.15 eV Gaussian energy distribution
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