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Cross Sections for Dielectronic Recombination of B2+ and C3+ via 2s 2p Excitation
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Dielectronic recombination cross sections for the Li-like ions 8 + and C + via 1s 2s
-1s~2p excitation are reported. The amount of electron capture attending the passage
of megaelectronvolt/(atomic mass unit) ion beams through a collinear, magnetically con-
fined, space-charge-limited electron beam is observed as a function of relative energy.
The results agree well with distorted-wave calculations.

PACS numbers: 34.80.np, 34.90.+q

Dielectronic recombination (DR) is the process
by which a continuum electron excites a bound
electron in an ion A" and is simultaneously cap-
tured into a doubly excited state of the resulting
ion A ' "'. Recombination occurs when the
doubly excited state is stabilized via the emis-
sion of a photon. Thus for Li-like ions under-
going 2s -2p excitation, the process can be
written

' '(ls 2Pnl ) -A~' ' '(1s'2snl) +hv.

The DR cross sections must be known in order to
model correctly high-temperature plasmas such
as those found in stellar coronas and controlled
fusion devices. DH, cross sections and rates
based on the distorted-wave (DW) method "
have been calculated for only a small number of
ions; most plasma modeling still uses the for-
mula of Burgess and Merts (BM).' ' Until now,

however, there have been no direct cross -sec-
tion measurements of DR involving multiply
charged ions. Only recently the first measure-
ments of DR in singly charged ions of carbon'
and magnesium' have been reported.

The merged-beam apparatus is outlined in Fig.
1. A beam of ions from the Oak Ridge National
Laboratory EN-tandem accelerator enters
(through a 0.635-mm-diam hole in the cathode
of the electron gun) a region, 84 cm long, in
which the electron beam is magnetically con-
fined. Thereafter, the electrons expand as a
result of space-charge repulsion and strike the
chamber walls while the ion beam is subjected
to a charge analysis through magnetic deflection.
The A" ions enter a Faraday cup and the A~' '~'
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FIG. 1. Schematic diagram of the merged-beam
apparatus.

ions can be counted in a position-sensitive solid-
state surface-barrier detector (PSD) with an

efficiency of 100/p. The overall length of the
beam line is - 7 m and it is maintained at a
pressure of -1 & 10 ' Torr.

The doubly gridded Pierce-type high-intensity
electron gun' is designed to produce a convergent,
laminar electron beam. The gun was operated
in the space-charge-limited mode where the
space-charge-limited current, I„is given in

terms of the cathode to anode voltage, V„by
I, = Pp, '~'. The constant P (the "perveance")
is determined by the electrode geometry and

here equals 10 . The electron gun is magnetical-

ly shielded from the solenoidal field of the inter-
action region. The emerging electron beam
comes to a focus -7 mm from the anode where

it has a diameter (containing 95/p of the beam)
of 3.15 mm. It enters a coaxial solenoidal mag-
netic field which is adjusted to establish Bril-
louin flow' (e.g. -180 G for 1-keV electrons)
in which the beam radius stays constant and the
beam rotates as a solid of revolution about its
axis with the Larmor frequency, co L. Under
Brillouin flow, the longitudinal velocity of the
electrons is independent of radius, the radial
velocity is zero, and the azimuthal velocity is
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equal to cv L f.imes the radius. Surrounding the
electron beam is a coaxial cylinder 84 cm
long having an inside diameter of 7.9 mm. Fol-
lowing the interaction region, the ions that have
picked up an electron A ' ' ' are separated
from the A" beam and counted in the PSD. The
A" beam current to the Faraday cup is fed into
a current integrator and the output pulses are
counted. The A ' ' ' ions arise from electron
pickup due to charge transfer from the residual
gas molecules, slit-edge scattering, and DR.

The experimental procedure consisted of opti-
mizing the electron beam, at a particular V„
and counting the A ' ' ' and A" beams while
stepping through the relative energies of interest
by changing the energy of the ion beam. This
optimization was carried out by adjusting the
orientation of the solenoid, and making small
adjustments to the solenoidal field such that the
current to the cylinder was a minimum (&0.1I,).
It was then verified that the electrostatic field,
due to the electron space charge, produced no
steering of the ion beam. The deviation of the
ratio, R, of (q —1)+ ions to q+ ions from a mon-
otonic trend with ion beam energy gives a meas-
ure of the DR cross section. In Fig. 2 we plot
this ratio for a C" beam (17.5-23 MeV) merged
with an electron beam at V, =1079 V. (The error
bar represents v N counting statistics. ) The
background ratio, R~, can be fitted by a mono-
tonic trend line (see, e.g. , Fig. 2). Subtracting
R~ from R yields the signal ratio 8,. 8, is re-
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lated to the DR cross section v by

R, = J J v(v„)p, p,f(v„.)dv „dg/J p,. v,. dA,

where p, is the electron density, p, is the ion
density e is the relative velocity n. is the
velocity of the ions, and and A are the volume
and cross-sectional area of the interaction re-
gion, a cylinder whose radius is that of the ion
beam r, , and having the length of the electron
beam, I-; ~,. is constant and the ion current I,.
is given to a good approximation by I; = &~ p, e;.
Approximating p, by an average electron density
p, times a distribution in relative velocities f(v„),
both being independent of position within g, we
can write that R, = (p, L/v, ) (v„o),a.nd if we de-
fine an effective DR cross section, o,ff (v o)/
(v„),then we have o,fr R v,. /(P, l.(v„)),where
the angular brackets denote the average over
y(.„).

To compare the derived experimental o,f f with
theoretical calculations of the DR cross sections
one must consider some details of both the ex-
periment and the theory. DR in both B '

and C''
leaves the resulting B"and C" in excited states
dominated by high-n states. The higher-n states
were field ionized by the motional field caused
by the magnetic field, B, used to separate the
two charge states. To estimate the quantum
number, n „,above which field ionization oc-
curs, we use the relation" n,„=(6.31&&10"q'/
v,B)' ' (mks u.nits). The n „values for our ex-
perimental conditions are listed in Table I.

If we neglect the potential difference due to
space charge, the approximate relative collision
energy, E„~',is given by E„&'=-, m, (v, -v, )',
where v, is the electron velocity calculated from
the applied cathode voltage, V, . This energy is
plotted along the top of Fig. 2. It can be seen
that on this scale the peak of the resonance lies
at -10 eV, or -3 eV above the expected peak en-
ergy of 7.1 eV. This occurs because the actual
axial electron velocity, v„is determined not
only by the potential applied to the cathode, V„
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TABLE I. Theoretical and experimental DH effective
peak cross-section values for 82+ and C3+ (2 E,~) =3
eV).
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but also by the potential drop from the axis to
the surrounding grounded cylinder, V„:Thus e,
= [2e(V, —V, )/m]' ', where e and m are the
charge and mass of the electron, respectively.
This voltage drop, V„,can be calculated if the net
charge density, p, and radius, a, of the electron
beam, and the inside radius, b, of the cylinder
are known. Since some positive ions which are
created by electron beam bombardment of back-
ground gas may be trapped in the space-charge
trough, I pl is equal to the electron density I p„l

minus the trapped ion charge density I p, l. The
voltage drop V„canbe estimated from the shift
in the resonance peak from its theoretical value.
For n &n, we have convoluted Gaussian dis-
tributions in relative energy P(E„,) into the en-
ergy dependence of the cross sections predicted
by DW theories and determined the predicted
peak position. Note that this peak always lies
very close to the 2s -2p excitation energy and
is insensitive to P(E„~)for a full width at half
maximum, ~„&,&1 eV. We now force the
experimental peak to this position and calculate
the requisite voltage drop across the electron
beam. For example, if we assume p, =0 we cal-
culate a voltage drop V„=47V at, e.g. , V, =1079
V. If j,=p„then the voltage drop is zero and
the electron energy is just e V, . From the shifts
in the resonance peaks in two of our experiments
using an identical electron beam at V, =1079 V,
we obtain voltage drops of 31 and 29 V with B"
and C", respectively, thus indicating that we
had some, but not complete, space-charge neu-

tralization. From the corrected value of v, we
recalculated the relative energy scales as shown
in Figs. 3 and 4. The values of ~„&which best
fit the data were obtained and this permits direct
comparison of the experimental O, qq at the max-
imum with the theoretical predictions using the
same ~„). A value of ~E„~=3 eV was found
to give the best fit for all cases (five runs). For
the B"case we plot in Fig. 3 the DW theoretical
curve" normalized at the peak. For the C" case
Ref. 2 predicts a large contribution to the cross
section near threshold from the 2p4d and 2p4f
configurations. This should cause a second rise
in the signal at E„~—= 1.5 eV which we do not ob-
serve (note that the corrected value for E„,=0
lies at 22.5 MeV in Fig. 2). However, the con-
figurations in question are known to have com-
plicated multiplet structures most of whose levels
lie below the autoionization limit" where they
cannot contribute to the DH cross section. The
BM theory predicts only a small cross section
in this region. Because of these uncertainties
we omit a theoretical plot in this region in Fig. 4.
If there is indeed a contribution to the rate in
this region we should correct the background in
Fig. 2 downward in this energy range. This
would increase the peak value in Fig. 4 only
slightly. Table I summarizes and compares the
peak values of O, ~q obtained in this experiment
with the DW and BM theories.

We estimated the uncertainty in our determina-
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FIG 3 0 e ff for DR in B'+ vs relative energy. FIG. 4. erg/ f for DR in C + vs relative energy.
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tion of o,tt as follows: u, is uncertain by &1%
and v„and I- by 5/o., the uncertainty due to statis-
tics is 12% and 5% for B"and C", respectively.
The p, was derived from measurements of the
electron beam profile supplied by the manufac-
turer of the electron gun and from our own meas-
urements using two rotatable Faraday cups
placed along the length of the beam. Both cups
indicated the same profile and were in reason-
able agreement with the manufacturer's meas-
urements. From these measurements we assign
an uncertainty of 30/o to p, . Adding the errors
in quadrature gave an uncertainty in o,tt of 33%
for B"and 31/o for C'". Notwithstanding the un-
certainties in the absolute value of the individual
cross sections, the ratio v, ff(C )/o tt(B +) is
uncertain by only 13% since both experiments
were carried out with the same electron beam
conditions.

The quantitative agreement of our measure-
ments with calculations is quite good. From the
comparison of the cross-section ratios it can be
seen that both calculations predict o,«(C'')/
o f f (B ') = 1.5 which is in slight disagreement
with our value of 2.1+0.3.

The experimental approach used in this work
(i.e. , merging high-energy multiply charged ion
beams with space-charge-limited electron beams)
was undertaken because (1) multiply charged ions
are easily obtained at megaelectronvolt/(atomic
mass unit) energies, (2) charge transfer cross
sections and hence backgrounds due to residual
gas are greatly reduced at high ion velocities,
(3) increased signals can be obtained with high-
density electron beams, and (4) the space-charge-
limited electron density increases as tt, '. Al-
though some energy resolution was sacrificed
because of the voltage drop over the radial re-
gion of electron-ion-beam overlap, this is not

a serious limitation in studying multicharged
ions where peak widths become quite broad. We
believe that the present results justify the ap-
proach taken and bode well for measurements
on more highly charged species.
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