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Absolute doubly differential cross sections for the electron-impact ionization of atomic hydrogen have been
measured from near threshold to intermediate energies. The measurements are calibrated to the well-
established, accurate differential cross section for electron-impact excitation of the atomic hydrogen transition
H(12S—225+22P). In these experiments background secondary electrons are suppressed by moving the
atomic hydrogen target source to and from the collision region. Measurements cover the incident electron
energy range of 14.6—40 eV, for scattering angles of 10°—120° and are found to be in very good agreement
with the results of the most advanced theoretical models—the convergent close-coupling model and the
exterior complex scaling model.
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The electron-impact ionization of atomic hydrogen chal-viously (see Ref[11] and the references thergiThe atomic
lenges theory by presenting it with the simplest three-bodypeam is generated by an outside-silvered, sooted glass capil-
Coulomb system with two outgoing electrons in the vicinity lary needle and is made to cross a monochromatic beam of
of a proton. It is therefore the most transparent test, and thelectrons from the electron gun of an electrostatic electron
most significant at present, of the simplest many-body ferspectrometer in a conventional beam-beam configuration.
mion problem. However, experimental differential cross secScattered electrons are detected by an electrostatic analyzer
tions for the electron-impact ionization of atomic hydrogen@s & function of energy logs, and scattering anglé. The
are sparse. The only available results are the absolute doubfpectrometer performs with a typical incident electron cur-
differential cross sectiofDDCS) measurements of Shya] €Nt of ~60-95 nA with an energy resolution of about 120
and the triply differential cross sectiof§DCS's of Roder ~ 120 meV(full width at half maximum, FWHM. This spec-
et al. [2]. Ab initio, theoretical models for the ionization of rometer has been proven to be stable over long periods

atomic hydrogen are the convergent close-coupli@gC) (Nlix).t TiTe Lr']r:'trfi’nbi‘ikend _I?r’f: 140 Ctrtommtalrnitalnnsﬁablhttjyin
mode [3.4] and the more recent exterior complex scaling i it o ici 2 kel which reduces the magnetic field
(ECS model of Rescignet al. [5]. Detailed comparison of g

. . inside to less than 5 mG. The electron analyzer has an addi-
ECS and CCC has been given by Baertsehypl. [6] with tional pupil placed at the focal point of a two-element lens

disagreement between the theories being largest at energiﬁéfore the entrance to the hemispherical analyzer. This re-

near the ionization threshold. Agreement of ECS with thegyicts the depth-of-field of the instrument so that it observes
relative TDCS measurements Qf @y et al. [7] is superior  gjectrons only from a smalb—6 mnj region of the collision
to that of CCC. However, questions concerning the available
absolute measurements of the TD{&39] have prevented a ] 760
definitive comparison between theory and experiment. . H n=2 IP ]
Agreement between theory and the DDCS of Skghis 21077 :
satisfactory only at the lowest measured energy of 25 eV. At
higher energies there is severe disagreement at both small
and large scattering anglgg0]. Thus, there has remained the
need for reliable, absolute, differential measurementslaf
ionization. ;
In the present work, absolute DDCS’s for the ionization of 5x10*1 |20
14

1x107 7
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14.6, 15.6, 17.6, 20, 25, and 40 eV are measured. In this
Rapid Communication, we present our 15.6-, 17.6-, 25-, and 0 T

. 6 8 1IO 1I2
40-eV measurements. Our apparatus has been discussed pre-
Energy Loss (eV)

atomic hydrogen at low incident electron energi&g)( of J L“/=\3 :
n=4:
A
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FIG. 1. Typical H spectrum resulting from all subtractiains-
*Present address: Department of Physics, Magnolia High Schooijii) described in the text. IP labels the ionization potential. The
Anaheim, CA 92821. continuum has been magnified by a factor of 20 and normalized.

1050-2947/2003/68)/0307024)/$20.00 68 030702-1 ©2003 The American Physical Society



RAPID COMMUNICATIONS

CHILDERS et al. PHYSICAL REVIEW A 68, 030702ZR) (2003
1007 100+
E,=12eV E =186V
3 3
mQ m()
E ®
@ @
Q (6]
a s}
a [a]
1 T T T T T T T T | 1 T T T T T T T T 1
Q 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Angle (Degrees) Angle (Degrees)

FIG. 2. Doubly differential cross sections for the electron-impact ionization of E,at15.6 eV obtained from the present experiments
(®) and compared to the EQ9Y] (——) and the recent CCCL5] (- - -) shown for differentE; values.

volume close to the capillary needle. The analyzer has a Our measurements comprise electron-energy-loss spectra
four-element zoom lens enabling it to transmit electrons froncovering theE, range of 6.5 eV tdEq+1 eV. This covers

a wide range of kinetic energies with essentially constanthe molecular hydrogeb32j continuum and the full range
efficiency. To determine the efficiency of the analyzer, weof excited states including the ionization continuum of H
measured the spectrum of He at 31.7-eV incident electroqynich starts at 15.94 ey14]. This range also covers the

energy and scattering angle of 90°. At ;[)his energy, the Hentire energy-loss spectrum of atomic hydrogen. To deter-
ionization DDCS should be flawithin 109 according 0 g the background contribution to the scattered electron

the Wannier law and as observed by, e.g., Keestal. [12]. signal, we initially tried the conventional “chopper” design

Deviations from this are used to calibrate the analyzer’§Nhere a modulating flag is placed between the target gas

transmission response. To reduce the source of secondar e . .
P . . S ¥¥am and the collision region. This generated a secondary
electrons from surfaces in the experiment, the collision re-

source of scattered electrons, especially in the low-kinetic-

gion is left open and all surfaces around the collision region; . indistinquishable f h i Thi
including the analyzer nose cone and aperture assembly, a Qergy region, Indistinguishable from the continuum. This

liberally coated with soot from an acetylene flame. To furtherMethod was therefore rejected. Instead, we rotate the
reduce secondary electrons, the incident electron beam f@phite-coated capillary needle to and from the collision
collimated by two exit apertures to produce a beam of pencif€9ion using a compact “Hobby-Shack” vacuum-compatible
angle (FWHM) of about 3° and diameter less than 1.5 mm.Servo-motor assembly mounted to the needle. Using this
Furthermore, the output electron gun OptiCS has been modmethod, excellent baCkgrOUnd determination free from addi-
fied so that the filling factor of the electron beam is at mini-tional secondary electrons is observed for energies up to
mum approximately 0.5. threshold. This has been verified by measuring identical
Our gas source—a recently developed, intense, and vefyackground spectra with no gas in place with the needle in
stable H source—is detailed in RgfL3]. It is an extended the IN (pointing toward the electron bearand OUT (point-
cavity microwave discharge of 99.999% purity, ldperating  ing at an angle of 30°—40° awayositions. Therefore the
at 2450 MHz, and uses Teflon tubing to conduct the atoms tpresence of the needle does not contribute additional second-
the outside-silvered glass needle. This source delivers H withry electrons. To prevent any possible deflection of the elec-
a dissociation fraction of approximately 82—85% that istron beam by the small magnetic field of the servo motor, the

stable over periods exceeding a month. motor current is switched off once the needle is in place.
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FIG. 3. Same as Fig. 2, but f@,=17.6 eV.

030702-2



RAPID COMMUNICATIONS

ELECTRON-IMPACT IONIZATION OF ATOMIC . .. PHYSICAL REVIEW A 68, 030702ZR) (2003

DDCS (10" cm/sr V)
DDCS (10™° cm’/sr eV)

1 T T T T T T T T 1 1 T T T T T T T T 7
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

Angle (Degrees) Angle (Degrees)

FIG. 4. Same as Fig. 2, but f&,=25 eV. The measurements of Shii] (X) are also shown.

The electron-energy-loss spectra were measured with theproducible within<15%. A resultant H spectrum is shown
discharge on and the gas cycling between the IN and OUTh Fig. 1. This H spectrun({taken atEy,=17.6 eV andéd
positions every 3 min until good statistics< (% typically) =20°) was normalized using the Hf2) DCS obtained
were acquired. This was repeated with the discharge off anfflom the CCC[4], which have been tested experimentally
the gas cycling between the IN and OUT positions every 311,17] to be accurate on the sub-10% level. By fitting the
min. The analysis of the spectra was performed as follows.continuum to a polynomial in energy loss of ordeR, we

(i) The discharge on spectrum with gas beam OUT wa®btained the continuum doubly differential cross sections,
subtracted from its corresponding discharge on spectrum )
with gas beam IN. This resulted in an electron-energy-loss d°0(Eq,E1,6) _N(Ey(continuum) 1

spectrum of a H-H, mixture with only gas-related scatter- dQdE N(n) AE
ing. _

(i) The discharge off spectrum with gas beam OUT was T(Ey(n=2)) do(n,Ep,0) X
subtracted from the corresponding discharge off spectrum XT(El(continuun)) dQ (@)
with gas beam IN. This resulted in an electron-energy-loss
spectrum of H with only gas-related scattering. where E,=Eo—E, is the residual electron energy,

(iii ) The resultant K spectrum in(ii) was subtracted from N(E;(continuum) is the height of the continuurmumber
the H+H, spectrum in(i) after applying a scaling factor and of electron scattering eventat the positionE; in the con-
allowing for small adjustments<{60 meV) for drifts along tinuum, AE is the step width per channél(n) is the inten-
the energy-loss scale. This scaled subtraction was criticallgity (number of electron scattering eventsder the H(;
determinedwithin 6% on averageby viewing the resultant n=2, 3, or 4 energy-loss line, anda(n,Eq, #)/dQ is the
spectrum and ensuring that there is no residual backgrourelectron-impact excitation DCS for that line. TherH2)
in the energy-loss region between then{(2), H(n=3), DCS from the CCJ4] was used for normalization of the
and H(h=4) energy-loss featurgsee Fig. 1 continuum. The value$(E;) are the analyzer transmission
The resultant pure spectrum of H, consisting of discreteat E; as determined by our He transmission runs. Error bars
states resolved up to= 3, partially resolved H{=4), and include Poisson statistical errors propagated by all subtrac-
the continuum, was corrected for the transmission of the anaions (on the continuum and discrete featyrascertainty in
lyzer using the data from our He specfd®] and cross sec- the transmission of the analyzer, and uncertainties in the
tions from the CCJ16]. The transmission was found to be polynomial fitting to the continuum. We note that the uncer-
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FIG. 5. Same as Fig. 4, but f@é,=40 eV.
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tainty in the transmission of the analyzer is the largest. We déween our DDCS and the ECS and CCC, while the DDCS of
not assume any errors in the DCS for thenk{2) feature  Shyn are in poorer agreement with our DDCS and those of
from the CCC calculation. theory.

Figure 2 shows a selection of the DDCS takenEgt In summary, we have used a simple metli{adnovable
=15.6 eV and scattering angles from 15° to 120°. AgreeH+H, source to determine accurate DDCS for the electron-
ment with theory is very good; however, we note that ourimpact ionization of H at energies close to threshold. Our
DDCS are higher than theory by about 30—-40% at smalkxperimental method is robust—we are able to obtain, after a
angles. Figure 3 shows a selection of the DDCS taken atelatively simple and direct data analysis, an energy-loss
Eo=17.6 eV. Again, agreement with the CCC and the ECSspectrum of background-free H. The measured DDCS insti-
models is very good; however, we note that the experimentajated an improvement of the CCC calculat[d’] which is
DDCS'’s are about 30—40% lower on average in the neanow in good agreement with ECS. These measurements do
equal-energy-sharing conditions. We have critically investi-not show complete agreement with theory, and it will be
gated other sources of systematic err@g., analyzer nose interesting to see how the minor discrepancies manifest
cone charging up due to the forward electron beam, backhemselves at other incident energies.
ground electrons from the needle and from gas-related
sourcegand could not find any other such corrections. In Fig
4, we present a selection of the DDCS takerEgt 25 eV This project was funded by a grant from the National
where we also compare with the earlier measurements ddcience Foundation under Grant No. NSF-RUI-PHY-
Shyn [1]. Very good agreement is observed between ouf096808. We acknowledge the expert help of technical staff
DDCS, the earlier measurements, and the ECS and CCQorge Meyern(glass blowing shop David Parsongmachine
Our DDCS are in especially good agreement with theory ashop, and Hugo Fabrigelectronics shop M.B. acknowl-
E;=11 eV. Figure 5 shows a selection of the DDCS taken aedges support from the U.S. Department of Energy, Office of
E,=40 eV. Again, very good agreement is observed beScience.
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