
PHYSICAL REVIEW A VOLUME 35, NUMBER 9 MAY 1, 1987

Dielectronic recombination measurements for the Li-like ions: 8 +, C3+, N4+, and O5+
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Dielectronic recombination rates via 2s-2p excitation have been measured for the Li-like ions B +,
C'+, N +, and O'+. We observe the amount of electron capture attending the passage of MeV/amu
ion beams through a collinear, magnetically confined space-charge-limited electron beam as a func-
tion of relative energy. The measured rates show the predicted increase with Z but are higher than
the rates calculated from the theoretically predicted cross sections. This is in contrast to the good
agreement, between our measured rates and predictions from the same theory, found for Na-like
lons.

I. INTRODUCTION

In an earlier paper' we reported on the measurements of
dielectronic recombination (DR) for the Li-like ions B +

and C +. Using a new technique which permits a reliable
background subtraction, we have remeasured the DR for
8 + and C + and measured the DR for two more
members of this isoelectronic series: N + and 0 +. The
DR process measured for these ions is

A~+(ls 2s)+e A'~ "+(ls 2p;nl)

~A''t "+(ls 2s;nl)+hv2p2, ,

where q equals the initial charge state of the ion, n and l
are the quantum numbers of the captured electron, and

v2p 2 is the frequency of the emitted radiation of the core
relaxation 2p to 2s. We have described in detail our ex-
perimental apparatus, experimental procedure, and data
reduction procedure in our previous paper on DR mea-
surements for Na-like ions, and only a brief description
shall be given here. Finally, we shall compare the results
for the Li-like ions with theory and with the results for
the Na-like ions.

II. EXPERIMENTAL APPARATUS
AND PROCEDURE

A merged-beam approach (the apparatus is outlined in
Fig. 1) is used to take advantage of our ability to produce
highly charged states, E/A (MeV) ions, and a high-
current, high-energy electron beam. The ion beam from
the Oak Ridge National Laboratory EN-tandem accelera-
tor enters the interaction region through an axial hole in
the cathode of the electron gun. In the interaction region,
the ion beam is coaxial with and embedded within the
electron beam for a distance of 84 cm. After exiting the
interaction region, the ion beam is charge state analyzed
using an electrostatic deflector. The initial charge-state
beam (the charge is q+ ) is deflected into a Faraday cup
connected to a current integrator and the output pulses
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FIG. 1. Schematic view of the merged-beam apparatus.

are counted by a sealer. Ions that have picked up an elec-
tron [the charge is (q —1)+j from the residual gas mole-
cules, from slit-edge scattering, and from the sought after
effect DR are deflected onto a solid-state position-
sensitive detector (PSD). The pulses from the PSD are
amplified and energy-gated position spectra are stored.
The energy gating causes position pulses having an associ-
ated energy pulse less than 95%%uo of the pulse height of the
initial beam to be rejected, thus rejecting some of the
pulses due to slit-edge-scattered ions.

The source of the electron beam is a high-intensity elec-
tron gun which produces a covergent, laminar electron
beam. The emerging electron beam enters a coaxial
solenoidal magnetic field which is adjusted to establish
Brillouin flow. Surrounding the electron beam is a coaxi-
al stainless-steel cylinder to which an electrical bias is ap-
plied. The application of an 1I-Hz square-wave modulat-
ed voltage (having the values 0 and + V„alternately) to
the cylinder allows us to modulate the electron velocity at
a fixed cathode voltage V, . Following the interaction re-
gion, defined by the length l, of the coaxial cylinder and
the solenoidal field, the electron beam expands due to
space-charge repulsion and strikes the chamber walls.

The relative energy (E„) region in which DR can occur
must be such that 0 &E, &E, where E equals the ener-

gy difference between the 2s and 2p level in the 3q+ ion,
6.0, 8.0, 10.0, and 12.0 eV for 8 +, C +, N +, and 0 +,
respectively. The relative or center-of-mass energy of an
ion and a collinear electron is given by
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E„=p[E,/m +E;/M —2(E,E; lmM)' ], (2)

R, =N,'& 'I+/N(+ a -d R„=N,'q "+/N„'+ .
-

where p is the reduced mass, m and E, are the mass and
energy of the electron, and M and E; are the mass and en-

ergy of the ion, respectively. Because of the angular velo-

city of the electrons about the beam axis, collinearity can
only be achieved on the ion (or electron) beam axis. Radi-
al and angular misalignments of the two beams, angular
divergence of the ion beam, and non-Brillouin flow elec-
tron beam behavior further invalidates the exact applica-
bility of Eq. (2) in this experiment. However, these effects
produce primarily a spread in E„(see discussion below on
the signal shape) and we will use Eq. (2) to give the cen-
troid E, .

We extract the DR signal from the recorded number of
"+ ions per incident A~+ ions as we change E„by

changing E; while keeping E, (or V, ) fixed. The max-
imum ion energy E; available from the EN tandem
equals 6(q + 1 ) MeV and this determines our choice of V,
such that E„=0 for E; =E;, i.e., from Eq. (2),
E, =(m /M)E; . This procedure maximizes V„which
maximizes the electron density p„since p, ~ V, for a
space-charge-limited electron beam. This in turn maxim-
izes the signal because the signal is proportional to p, .

An 11-Hz square-wave voltage, alternating between 0
and + V, (referenced to ground), was applied to the
cylinder surrounding the electron beam. V, is chosen
such that the resulting electron energy

[E,=e( —V, + V, )] together with E; result in an E„at
least 5 eV above E, i.e., a region where no DR signal is
expected. We count the (q —1 )+ and q + beams taking
1-eV steps in E„by changing E;. The number of ions
when the cylinder voltage is zero, Noq '+ and N(+, or
when the cylinder voltage equals + V„N„' "+, and
Nq+, are stored in separate channels. At each E; we
form the ratios
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almost constant within the volume 6, we can in good ap-
proximation write that f p;v;dA =p;v;A. The volume of
integration 0 in the numerator is defined by the area 3,
and the length of the electron beam I.. Approximating p,
by an average electron density, p, times a distribution in
relative velocities f(v, ), both being independent of posi-
tion within 0, we can write that

R, =(p, L/v;) J v„o(v„)f(v„)dv„=(p,L/v;)(v„o) .

Thus from the measured quantities we can calculate a
quantity, ( v, o ), having the dimensions of a rate, at every

E; or E„,i.e., (v„o ) =R,v;l(p, L).

FIG. 2. The ratio's Ro (0) and R„(~ ) vs E„ for C'+. See
text for definition of Ro and R, .

The result of such a procedure is shown for C + in Fig. 2,
where we have plotted these two ratios versus E„. Several
jumps appear in the data which are much larger than the
statistical error. These jumps probably occur because of
slit-edge scattering which may vary somewhat with ion
beam steering at different energies.

The ratio Ro is composed of the signal R„plus the
background Rb, whereas each R„contains only back-
ground. Figure 3 is a plot of the difference (Ro —R„)
versus E„ for the same C + run as in Fig. 2, and it can be
seen that the jumps have disappeared. Small ( —5% of
R„) residues left after taking the above difference were
subtracted as described in our earlier paper and R, deter-
mined versus E„ for all ions.

R, is related to the DR cross section o., by
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where p, and p; are the electron and ion density, respec-
tively, and v„and v; are the relative and ion velocity,
respectively. The area of integration in the denominator
is the cross section of the ion beam and since p; and v; are
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FIG. 3. The difference R ( = Ro —R„) vs E, for C'+.
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III. THEORY-EXPERIMENT COMPARISON

In order to compare our results to calculations, we shall
first review the properties of the DR cross section o., and
then discuss how our experiment affects the comparison
with the theoretical predictions. The o. predicted to be ob-
served under the conditions of this experiment depends on
the electric fields present in two regions: first, the
charge-state analysis region and second, the interaction re-
gion.

The electric field used for the charge-state analysis can
field ionize states of the A'~ "+(a;n, l) having high n

values. The maximum n that can survive these fields is
approximately given by

n =6.31&10q F, ,

where q is the core charge and E, is the analysis field in
V/cm. In this experiment the deflection field used was
-4.5 kV/cm and for B +, C +, N +, and 0 +, n~ =32,
44, 54, and 64, respectively. Hence, ions that have under-
gone DR but with n ~ n will be field ionized and not be
present in the (q —1)+ signal channel. Therefore, the
DR rate extracted from the data will be only a fraction of
the total DR which occurs in the interaction region.

The space charge of the electron beam causes a radial
electric field in the interaction region E;„which can mix l
states for a given n, and thereby increase the DR cross
section. The effect of electric fields on the DR cross sec-
tion has been considered by Griffin, Pindzola, and Bottch-
er for Li-like ions (B +, C +, and 0 +) and ¹like ions
(P +, S +, and Cl +), and by LaGattuta6 for Li-like ions
(B + and C +). Where they overlap, the two calculations
give almost identical results. Figure 4 shows the results of
a calculation for the 0 + DR cross section versus n
(n & n =64) for five values (0, 5, 25, 125, and 625 V/cm)
of E;„. The cr exhibits many sharp resonances versus en-
ergy (having widths «0.01 Ry) but for convenience of

3

presentation and comparison with experiment, it is useful
to define c7, averaged over an arbitrarily chosen energy in-
terval Ae, as

E +he/2
c7(E„)= f o de .

For Ae =0.01 Ry which is much smaller than our experi-
mental energy resolution but larger than the largest reso-
nance width, o carries the same information as o- itself. A
logarithmic histogram of o. versus E„ for C + is shown in
Fig. S for Ae =0.01 Ry, n =44, and E;,=2S V/cm.

We take the calculated o, multiply by v„, and convo-
lute with our relative velocity distribution f (v„) in order
to get a calculated value for (v„o ). The procedure is re-
peated for each value of the field in the interaction region
for which a o. is calculated yielding ( v„o ) versus E„ for 0,
5, 25, 125, and 625 V/cm. The f (v„) is broken down into
a transverse (with respect to the ion beam), fz, and paral-
lel, f~~, component given by

fg ——2Pv~ exp( —P v~ ),
and

f() ——a/~7rexp[ —a (v(( —vo) ],
where vz and v~~ are the electron velocity components
transverse and parallel to the ion beam, respectively, vo is
given by

vp ——(2E„/m)'~

a=6.89X 10 sec/cm, and p=7. 55 && 10 sec/cm. The
values of a and p and the functional form of f~~ and f~
were deduced from our previous work on Na-like ions.

The calculated (v„o.) for E;, =0, 5, 25, 125, and 625
V/cm and the data are shown in Figs. 6—9 for B +, C +,
N +, and 0 +, respectively. The error bars indicated are
the relative uncertainties, which include counting statis-
tics and background subtraction. The absolute uncertain-
ty is dominated by the imprecise knowledge of the elec-
tron density p, . We estimate the uncertainty in p, to be
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FIG. 4. The DR cross section for O + vs n (for n =64).
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FIG. 5. The DR o. vs E, for C +, b,e =0.01 Ry, n =44,
and E;„=25V/cm.
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+30% and thus, the absolute uncertainty of the data is
+3S%. Two separate sets of data are shown in Fig. 7 for
C +, in the first set u, & u; (open circles) and in the second
set u, & u; (solid points). The agreement between the two
sets of data is within statistical error and provides as-
surance that the signals seen depend only on U„, as they

E, (eV)

FIG. 6. The DR rate (v„ol vs E, for B~+. The points are
the experimental data, the curves are calculated from the cr of
Ref. 5 for E;, (in V/cm)=0, - -; 5, ———;25, —.—.—.;
125, —- —;and 625,

FIG. 8. The DR rate (v,cr) vs E, for N +. The points are
the experimental data, the curves are calculated from the o. of
Ref. 5 for E;, (in V/cm)=0, . - .; 5, ———;25, ———;
125 —"—;and 625,

should. Further evidence of this is shown in Fig. 9 for
0 + where again two sets of data are shown having dif-
ferent U, 's, although here U, & U; for both sets.

The actual E;„of our experiment is difficult to assess
precisely since it varies over the radius and length of the
electron beam. If we assume that the electron beam is un-

dergoing Brillouin flow, the electric field would range
from 0 V/cm at the center (r =0 mm) to 0.2 V, V/cm at
the outer edge (r = I.SS mm). Under ideal conditions, the
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FICy. 7. The DR rate (v„o ) vs E„ for C'+. Qpen circles are
the experimental data for u, & u; ( V, =—1078 V), solid circles
for u, & u; ( V, = —840 V), the curves are calculated from the o.

of Ref. 5 for E;, (in V/cm) =0, ~ - -; 5, ———;25, ——.—;
125, —"—;and 625,
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FIG. 9. The DR rate (v, o ) vs E„ for 0 +. The points are

the experimental data for V, = —1414 V (solid circles) and
—1284 V (open circles), the curves are calculated from the cY of
Ref. 5 for E;„(in V/cm)=0, . - .; 5, ———;25, ——.—.;
125, —- —;and 625,
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ion beam is confined to a region +0.32 mm from the elec-
tron beam center and at r =0.32 mm, E;, reaches a value
of 0.04V, V/cm. Thus, for a typical V, of 1000 V, the
field in the interaction region would have a maximum of
40 V/cm and an effective average field of 30 V/cm.
However, if the axes of the two beams are slightly
misaligned and/or scalloping of the electron beam occurs,
mean values of E;, can conceivably be twice as large.
Values greater than this are not likely since the beams are
aligned by minimizing the steering of the ion beam caused
by the electron beam and since the electron energy distri-
bution is an indicator for the amount of scalloping.

The data points, in order to agree with the theory,
should fall between the calculated curves for 25 and 125
V/cm. As can be seen in Figs. 6—9 for all the Li-like
ions, the experimental values exceed the theoretical values
by approximately 60%%uo if we assume ideal beam condi-
tions or 30% if we assume a field twice as large. This is
in sharp contrast to the agreement between our experi-
mental results and the calculations (for E;„=25V/cm) by
the same authors for the Na like ions as shown in Ref. 5.
For the Na-like ions the cathode voltages used in our ex-
periments and hence the fields in the interaction region
were about half the values of the same quantities used in
the experiments involving the Li-like ions.

We shall now consider whether l-changing collisions in-
volving the recombined ion and an electron could enhance
our measured DR rate. This process, first considered by
Burgess and Summers, could increase the l of the inter-
mediate state of Eq. (1) and decrease the autoionization
rate back to the incoming state of Eq. (1) and in turn in-
crease the DR rate. The fraction of ions affected, f, is
given by

f =n, ~,x,
where n, is the electron density and x is the distance trav-
eled by the ion in the intermediate state, given by

x =v;t=v;A,

where A, is the autoionization rate and o.
~ shall be ap-

proximated by the geometric size of the Rydberg orbit,
I.e.,

2 4 —2~I ——~aon q

where q is the charge state of the ion, n is the principal
quantum number of the intermediate state, and ao is the
Bohr radius. In our experiments, the maximum values of
n to be considered are those which survive the analyzing
field as given in Eq. (3) and listed above.

We will consider the case of Q + as it was investigated
in this work which should display the maximum effect.
Here V, = —1414 V (which maximizes n, ), n =n = 64
(which maximizes o i ), and A, equals approximately
1.5X10' (which maximizes x), which gives the largest
value of the fraction of ions which suffer an l-changing
collision and is only 1.5%. The lower n states of this ion
have an even lower f. For the other Li-like ions, lower

electron density beams were used, the n 's are lower, and
larger A, 's are calculated; all these effect should lead to
an even lower fraction undergoing an l-changing collision.
Furthermore, all l-changing collisions do not lead to
higher values of l which increase DR and even some of
those would still autoionize before stabilization, so the
above is an overestimate. A variation in the electron den-
sity of approximately 30%%uo in the C + experiment showed
no change in the DR rate outside of statistical error bars
of about 12%. Unfortunately, varying the electron densi-
ty in our experiment by a factor of 2 could only be done
by decreasing the electron density via a decrease in the
cathode voltage and this in turn would force a decrease in
the ion velocity. These factors would cause a serious de-
crease in the already poor signal to background ratio and
therefore were not attempted.

In our DR measurements for the Na-like ions the elec-
tron densities used were a factor of 2 lower than those
used for our present measurements. However, the applic-
able n values are higher and the net result for l-

changing events is similar to that obtained for the Li-like
ions, e.g., for the case of Cl + of Ref. 2, f =1.2%. Thus,
unless there is reason to believe that the cri for the Ryd-
berg states of the Li-like ions is significantly different
than that for the Rydberg states of the ¹like ions, the
effect of l-changing collisions should be the same for the
two different experiments.

Other measurements on Mg+ (also Na-like) carried out
at two different interaction region fields also exceed calcu-
lated values by 50%%uo to 100%. Preliminary measure-
ments' of the DR cross section of C + using an inclined
beams technique, with a known field of 10 V/cm in the
interaction region and an electron density orders of mag-
nitude lower than in our experiments, also give results
which exceed the theoretical prediction by about a factor
of 2. The measurements referred to above all involve
An =0 transitions where the cross section is dominated by
capture to high n states and where field effects are impor-
tant. Indirect measurements of DR o's via resonant
transfer and excitation" of b,n = 1 transitions, where cap-
ture to low n states dominates and field effects are negli-
gible, are in good agreement with theory. ' Furthermore,
it has recently been pointed out' that the effect of the
fields has been overestimated by the calculations per-
formed to date, which if substantiated by specific calcula-
tions, would increase the discrepancy with experimental
values for An =0 transitions. At this point, it appears
that further measurements of DR need to be carried out
in order to resolve the disagreement with the theory.
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