PHYSICAL REVIEW A 69, 042707(2004)

Single and double detachment from H
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Absolute cross sections for single and double detachment frorfollbwing electron impact have been
measured over a range of collision energies from the thresholds to 170 eV. The measurements were made using
a magnetic storage ring. The ions in the ring were merged with a monoenergetic electron beam and neutral and
positively charged fragments were detected. We cover larger energy ranges than in many of the previous
experiments, and this is the first time both single and double detachment have been measured simultaneously.
This allows us to present accurate ratios between the single and double detachment cross sections. On the basis
of these ratio measurements we discuss possible mechanisms leading to double detachment.
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I. INTRODUCTION that the free electron is not absorbed but rather scattered by
_ . . . theion. In single detachment, the three-particle continuum
_ The structure and dynamics of negative ions differ intrin-giate consists of the detached and scattered electrons moving
sically from those of atoms and positive ions due principallyj, the field of an H atom. For double detachment. theidh
to the short-range nature of the force that binds the outermog{ completely fragmented into its constituents. In the Cou-
electron. The simplest negative ion,"Hs a prototypical  |omp four-body continuum state, two detached electrons and
bound three-body system that has been the focus of numefise scattered electron move in the field of a proton. At
ous experimental and theoretical investigations. Of particulafyreshold, strong correlations develop between the interact-
interest are the structure of this ion and the dynamics injhg particles in the final state. The additional complexities
volved in its interaction with electromagnetic radiation and zqsociated with electron-impact detachment frofmidke it
other particles. Reactions involving the production and deyery difficult to calculate cross sections, particularly for the
struction of the H ion, for example, determine the charac- yoyple detachment procesab initio calculations of cross
teristics of many astrophysical and terrestrial plasmas. Man¥etions for electron-induced detachment over a large range
studies to date involve the fundamentally important problemy ¢o|jision energies, including the threshold regions, do not
of how the H ion interacts with a photon. In photodetach- gyist. For this reason, it is particularly important to have

ment experiments on H one (or both) of the bound elec-  4ccyrate measurements of the cross sections for both single
trons is liberated following the absorption of a phofdr-4]. and double detachment.

Correlations between the two electrons play an important | this article, we report on measurements of electron-
role in determining the threshold behavior of the cross SeCimpact detachment from the Hon over the collision energy
tion and in the formation and decay of doubly excited state$ange 0-170 eV. This range encompasses the thresholds for

that manifest themselves as resonance structures in the crqgs single(a) and double(o,) detachment processes
sections.

Of equal fundamental importance is the problem of how H +e — H+2¢e (1)
an H ion interacts with a free electron. In the process of
electron-impact detachment from~Hone or both of the and
bound electrons are ejected following a collision with a free
electron. This process exhibits interesting features that are H +e —H" +3¢. (2
not present in photodetachment. For example, in the initial  thare have been several previous measurements of elec-
state of both single and double detachment the free electrop, impact cross sections for single detachment from H
exp_eriences a repulsiye Coulomb_force as it approaches th?arly experiments include the work of Tisone and
H™ ion. The final continuum state interactions are also MOre3 anscomi5], Dance, Harrison, and Randéd], and Peart,
complex than those found in photodetachment due to the fa‘Walton, and Doldef7]. All of these experiments involved
the use of a crossed beam apparatus. More recently, Ander-
senet al. [8] used a storage ring to merge an electron beam
*Email address: karin.fritioff@cern.ch with a beam of D ions. The focus of this measurement,
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which covered the energy range from threshold to aboutigate detachment cross sections all the way down to the
20 eV, was the threshold behavior and a search for resasingle detachment threshold. This is technically more diffi-
nances that had been previously reported by Peart ancllt to do if a crossed beam geometry is employed, due to
Dolder[9]. problems associated with producing and controlling very low
Ab initio calculations of the single detachment cross secenergy electrons in the laboratory frame.
tion over small energy regions have been reported in the A typical ring cycle consisted of the following phases:
literature, although no single calculation covering the entiranjection, acceleration, cooling, measurement, and the dump-
energy range of the current experimental study has yet beang of the beam. During the cooling phase, the ibns in-
reported. A theoretical treatment of this problem is difficult teracted with the velocity-matched electrons, which served to
due to the strong electron correlation present in both theool the ions. The measurement phase lasted 2 s, and within
initial and final states. Most of the early calculations concenthis time the electron beam was switched on and a voltage
trated on the asymptotic region of the cross section curveramp was applied to the electron gun. The additional energy
where the high energy of the electrons makes it possible tof the electrons was continuously changed as the voltage on
apply variations of the Born approximation. The Born-typethe ramp rose from zero to the maximum value.
calculations, however, differ appreciably, especially near the In addition to electron impact onHthe electrons ionized
peak of the cross section. The low-energy region near threstparticles in the residual gas in the ring. These slow positive
old is even more difficult to treat due to the correlations thatons are trapped in the potential well of the electron beam.
develop between the slow moving electrons. Recent calcula&Zharge exchange between thé idns of the beam and the
tions by Pindzold10], Rost[11], and Robicheaukl2] have trapped positive ions can produce H atoms arfddts that
investigated threshold behavior in the case of electroneould be recorded in the detectors used in the cross section
induced single detachment from Hnvestigations of double measurements. This contribution to the background was de-
detachment from Hhave proceeded in parallel with those of termined in a separate measurement. In this measurement the
single detachment. The early crossed beam measurement @lectron beam was turned off for 0.2 s, directly after the
Peart, Walton, and Dolder[13] stimulated Born- cooling phase. During this period the interaction region is
approximation calculations by Twedd4]. Later, measure- swept clean of trapped positive ions. Thereafter the electron
ments by Defrance, Claeys, and Brouillddd] and Yuetal.  beam is turned on again, but now in a chopped mode. The
[16] showed that a large discrepancy existed between thesdectron beam is turned on and off by an analog switch,
measurements and those of Peart, Walton, and D¢llRlr 10 ms on and 10 ms off. The same voltage ramp as before is
Calculations of the double detachment cross section have napplied to the electron gun. The background contribution
been forthcoming, again due to the fact that electron correfrom trapped ions in the cooler is determined by comparing
lation plays a major role in determining the structure andthe results from the unchopped and the chopped measure-
dynamics of the collision process. This is particularly true atments. The shapes of the cross sections were the same for the
low electron energies where correlations have time to desingle and the double detachment measurements. Our
velop. chopped beam measurements showed that in the unchopped
measurements, 6% and 13% of the signal were caused by
trapped ions for single and double detachment, respectively.
Il. EXPERIMENT The collision energy is the center-of-mass eneEyy,

The present experiment was performed at the magnetiWhiC_h is_essentially tht_’-: energy of the electrons as seen by the
storage ring CRYRING, situated at the Manne SiegbahinoVving ions, and is given by
Laboratory in Stockholm. Details of the experimental proce- -
dures can be found in the recent publication by Friteifal. Eem= (VEe = VEgoo)?, (3
[17]. In the present experiment,"Hons were produced in a
Cs sputter ion sourc§l8], extracted at 10 keV, and then whereE, andE., are the electron laboratory-frame ener-
injected into the ring. Within the ring the ions were acceler-gies corresponding to a particular collision energy and the
ated to an energy of 5 MeV. On each orbit around the ringcooling energy, respectively. In order to derive this equa-
the ion beam was collinearly merged with a beam of election, the reduced mass is approximated by the electron
trons. These electrons served two purposes. First, they wereass and the center-of-mass velocity is taken to be the
used to enhance the quality of the ion beam by reducing itsame as the detuning velocityy=[ve=vio|. The latter ap-
emittance and hence its transverse and longitudinal velocitproximation is valid, since the reaction threshold energy
distribution. Thus, phase-space cooling of the ions by then the center-of-mass frame is much greater than the elec-
velocity-matched electrons improves the energy resolution ofron temperature.
the measurements. The longitudinal and transverse electron The ion beam current was measured in order to determine
temperatures were 0.2 and 2 meV, respectively. Second, Bn absolute cross section. A sensitive current transformer was
varying the laboratory-frame electron-beam energy, the eleadsed for this purpose.
trons were used as collision partners in the study of the The production of residual H atoms was monitored to
electron-impact detachment of the kbns in the beam. One determine the single detachment cross section. These par-
of the principal advantages of the merged beam technique i&cles were detected with a surface barrier dete¢8BD)
that very low collision energies can be accessed in th@laced 3.5 m downstream of the interaction region. For the
center-of-mass frame. This feature has allowed us to invesiouble detachment process, the production of tHeidts
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FIG. 1. A schematic of the merged beam apparatus showing the
interaction region and the downstream detection region. H atoms —~2.
and H ions were detected in the single detachment and double 5

detachment measurements, respectively. ":'o 20
Z15
c
was detected by a second SBD. Figure 1 shows a schematic £ 1o} o=
of the interaction and detection regions. The efficiency for & f e
the collection and detection of both the H and phrticles @ 05

was determined to be unity. In order to establish an absolute & 0.0 -Wg . L
scale, it was also necessary to measure the electron beam 0 50 100 150
current and determine the interaction geometry. The diameter Collision energy (eV)

of the cooled ion beam was much smaller than that of the ) )

electron beam, and the electron density was constant along F!G- 2. The absolute cross sections faysingle andb) double
the path of the ion beam. The major source of background ilq%tachment ire—H" collisions. The insets show the threshold re-
the measurements of both single and double detachmea
cross sections originated in collisions of thé idn with the
residual gas. This source was minimized by maintaining th

ons in more detail, including the classical over-the-barrier fits.
e statistical error bars are comparable to the spread of the data
goints.

ring at a residual pressure of T mbar. threshold to 170 eV. The thresholds for both the single and
double detachment cross sections were not well defined. This
[1l. DATA ANALYSIS is due to the fact that tunneling occurs when the electron

) . energy is below the height of the Coulomb barrier associated
The cross sections for single and double detachment argi, the repulsive interaction between the incident electron
related to the measured quantities according to and the H ion in the initial states. The classical model de-
dN1 ve veloped by Vejby-Christenseat al. [20] has been used to
=T (4)  determine a model threshold of 2.8 eV, in the case of single
detachment. Changes in the range of the fit to the data from
wheredN/dt is the electron impact detachment reaction rate3 to 10 eV produced variations in the model threshold from
l; the ion currenty; the velocity of the ionsg the elementary 2.6 to 3.0 eV. The best fit is shown in the inset of Figa)2
chargepy the detuning velocityn, the electron density, and This energy is in excess of the electron affinity of the H
| the length of the interaction regida7]. atom, which is 0.75 eV. The balance is due to the work done
Two corrections have to be made in the analysis of thdy the incident electron in surmounting the electrostatic bar-
cross section data. First, the center-of-mass energy of théer. The magnitude and shape of the cross section shown in
electrons must be corrected for the effect of the space chardeg. 2@) agree well with that of Peart, Walton, and Dolder
of the electron beam. Second, due to the geometry of the/] and with that of Andersert al. [8] over the limited
cooler, the electrons interact with the ions in both the straigheénergy range of their experiment. There is a disagreement,
section of the cooler and also in the regions where the elediowever, with the early work of Tisone and Branscoffb
tron beam is merged into and out of the ion beam. The rela- In Fig. 2b) we show the cross section for double detach-
tive velocity of the two beams is larger here. As a result, thement from H over the range from threshold to 170 eV. The
signal at a given electron energy will have a contributionclassical model fit yields a threshold value of 18)7eV,
from collisions that occur at a slightly higher center-of-masscompared to the binding energy of 14.36 eV. This value is
energy[17,19. the electron affinity of H plus the ionization energy of H. The
We estimate that the total systematic uncertainty in thdit is shown in the inset of Fig. (). The magnitude and
measurements of both the single and double detachmeshape of the cross section agree reasonably well with that of
cross sections is 11.5%. The contributions arise from thé'u et al.[16] over the common energy range. The magnitude

g = 1
dt Ii Udnel

uncertainties in the measured quantities shown in(&y. of the present cross section is 16% higher than that oétyu
al. [16] over the common energy range, but the difference is
IV. RESULTS AND DISCUSSION just within the combined uncertainty limits of the two mea-
surements.

Figure 2 shows the cross sections that have been mea- As a result of measuring both the single and double de-
sured in the present work. Figuréais the cross section for tachment cross sections with the same merged beam appara-
single detachment from Hover the energy range from tus, we are able to determine reliable values for the ratio of
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FIG. 3. The ratio of the double-to-single detachment cross sec- FIG. 4. The ratio of the double-to-single detachment cross sec-
tions (o+/ o¢). tions (a/ o) vs the inverse collision energy.

the two cross sections over the range from the double detaclflly ejects the inner electron of Hn a collision, the outer
ment threshold to 170 eV. It should be pointed out that thdoosely bound electron experiences a sudden change in po-
merged beam apparatus used in the present experiment dgntial. The wave function for the remaining electron in the
abled us to access the lower energy region of the cross sebk atom has to relax to the new eigenstates of the altered
tion more readily than could be done with a crossed beanpotential. Since these states include continuum states, the
apparatus, such as the one used byeYial. [16]. Figure 3  second electron can be “shaken off” in the relaxation pro-
shows the energy dependence of the ratio of the double-tgess. This shake-off process is independent of the incident
single detachment cross sectioms/ o,. The statistical un- electron energy at high energies. In the asymptotic energy
certainty in the ratio is 10% at 20 eV, 7% at 50 eV, andlimit the contribution from the previously described inter-
7.5% at the end of the energy ramp. The uncertainty of the€lectronic scattering process, which has an approximate in-
double-to-single detachment ratio due to systematic errors igerse dependence in the energy of the incident electron, be-
small since these errors will cancel out when dividieg ~comes zero and only the contribution from shake off
with o. The uncertainty in the ion current could, in prin- remains. Wangt al. [21] have shown that the ratio between
ciple, contribute to a small uncertainty in the ratio since thedouble and single ionization cross sections for He becomes
ion current was higher in the double detachment measuresonstant in the asymptotic limit of the energy of the incident
ment than in the single detachment measurement. Hence, vigarticle. For charged particle projectiles, Waegal. [21]
estimate that the uncertainty in the ratio due to systematipredict this ratio to be about 0.25%, a number that has been
errors is less than 4%. verified experimentally. The value of the asymptotic ratio
We will now discuss the possible mechanisms for doublgnight be expected to be a little different for the ton than
detachment in the case of electron impact on the twofor the He atom due to the enhanced strength of the electron-
electron H ion. This discussion is based on the theoreticalelectron interaction relative to the electron-nucleus interac-
treatment of the double ionization of the He atom by bothtion in the ion. One might also expect differences in the
photons and charged particles by Wagtgal. [21]. The de- overlap with the continuum in the shake process. The differ-
tachment of the outer electron in the isoelectronic systemence between the asymptotic ratios for He andis] how-
He and H is initiated by the ejection of the inner electron in ever, expected to be relatively small.
a collision with the incident electron. It was found that two ~ The ratio of the cross sections for double detachment and
distinct mechanisms played a major role in the double ionsingle detachment as a function of the energy of the incident
ization of He. In one process, the detached inner electroglectron is plotted in Fig. 3. It can be seen that over the range
interacts with the outer electron on its way out of the atomfrom about 80—-170 eV, the data appears to have an approxi-
leading to the ejection of the outer electron. At high incidentmate inverse dependence on electron energy. In Fig. 4 we
electron energies, this interelectronic scattering process is exave plotted the same data as a function of the inverse of the
pected to scale approximately as the inverse of the energy @nhergy of the incident electron. By extrapolating the linear fit
the detached electron, which in turn depends on the enerdp the data we can determine the intercept on the ratio axis.
of the incident electron. It has been shown that by integrating his procedure yields a ratio of 0.&8%. It appears, how-
over the energy distribution of the detached electron, there igver, that the data may not have a pure linear dependence in
also an inverse dependence in terms of the energy of thédne energy range 80—170 eV. By changing the range of the
incident electrorj21]. In the case of electron impact detach- fit to 130—-170 eV we obtain a somewhat lower ratio inter-
ment, another mechanism may also play a role. The incidertept of 0.375)%, although the values agree within the
electron may detach the inner electron and then scatter tguoted uncertainties. Since it is possible that we have not
detach the outer electron. This process is presumably momeached the energy above which the data has a linear energy
important for electrons than other charged particles. dependence, the best we can do with the present data is quote
Another important mechanism is the shake process, whichn upper limit on the asymptotic ratio of the double-to-single
has been discussed in the context of the detachment bfyB detachment cross sections of about 0.4%. This value is com-
Andersenet al. [22]. If a high-energy incident electron rap- parable to, but somewhat higher than the predicted theoreti-
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cal value of~0.25% for He. It is, of course, conceivable that for the single detachment cross section agrees with previous
double detachment via the mechanism of double scatterinmeasurements of the same cross section that were performed
of the incident electron is important and leads to a largeeither using a crossed beam apparatus or a merged beam
value for the asymptotic ratio. The ratio data reported by Yuapparatus. In the case of the double detachment cross sec-
et al. [16] covers a much larger range of energies, from thetion, no merged beam experiments have been previously per-
double detachment threshold to 2000 eV. However, thdormed, but the present result agrees, within the combined
single detachment cross section used in the ratio determinadhcertainties, with the previous experiment byéfal. [16].

by Yu et al. [16] was not measured in the experiment. TheWe also present the ratios of the double-to-single detachment
single detachment cross sections used in the ratio were exver a range of energies from the threshold of double detach-
perimental values from Peart, Walton, and Dolfi&; upto  ment to 170 eV.

an energy of about 1000 eV, and theoretical values from In- We have also discussed possible mechanisms leading to
okuti and Kim[23] over the range of 1000—2000 eV. If the double detachment. Theory predicts that at sufficiently high
ratio data of Yuet al. [16] is extrapolated to the asymptotic electron energies the energy dependence of the cross section
limit, one obtains a ratio of the double-to-single detachmentatio should scale approximately as the inverse of the energy
cross sections 0f~0.3% —0.4%, comparable to the value dependence, and in the asymptotic limit the ratio should be
determined in the present experiment. If, however, the dataonstant. We obtained an intercept on the ratio axis of about
from about 400—1000 eV, which appear linear, are used i9.4%, which is a little higher than the asymptotic value theo-
the extrapolation, the asymptotic ratio is somewhat lower atetically predicted for charged particles on the isoelectronic
~0.25%. The measured asymptotic ratio can be used to este atom. Possible sources of the small discrepancy are dis-
timate the shake-off probability, as demonstrated by Andereussed.

senet al.[22] in the case of the electron impact detachment Reliable ab initio calculations of the cross sections for

of B™. The measured ratio of 0.4% corresponds to a shakesingle or double detachment over an extended range of elec-
off probability of about 8% for the outer electron in the H tron collision energies do not presently exist. It is hoped that
ion. This value is about an order of magnitude smaller tharthe present work will stimulate activity in this field.

the corresponding probability for double detachment in the

case of B. A shake-off probability of 8% for the Hion
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