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Dielectronic recombination via 3s-3p excitation has been measured for the Na-like ions P4+, $°*,
and CI°*. We observed 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 function
of relative energy. The measured rates fall between limits calculated from limiting-case theoretically

predicted cross sections.

I. INTRODUCTION

Much current interest in the area of atomic collision
physics centers on interactions of multiply charged ions
with atoms, ions, and electrons. Aside from strong intrin-
sic interest in this field, knowledge obtained from such
work has application in modeling high-temperature plas-
mas such as those found in stellar coronae and controlled
fusion devices.

Electron-ion collisions can lead to ionization, excita-
tion, or recombination. Here we center on recombination,
in particular, dielectronic recombination (DR) in which a
continuum electron excites a previously bound electron
and is captured into an autoionizing state. The resulting
doubly excited ion of the next lower charge state may ei-
ther emit a photon resulting in DR or it may autoionize.
Thus for an ion A of charge ¢ in initial state a, the sim-
plest DR process may be written

A9t (@) e[ 49~ V+(Bin,1)]**
—[A9" D+ (0, D]* +hvg, , (1)

where B describes the core excited state of 49—+, » and
I are the principal and angular momentum quantum num-
bers of the captured electron, and vg, is the frequency of
the emitted radiation of the core relaxation f—a.

Until 1983 the only experimental information on DR
had come from spectroscopic observations of plasmas,!
from which only thermally averaged rates may be in-
ferred. In 1983—1984 four groups reported DR cross-
section measurements. A group at the Joint Institute for
Laboratory Astrophysics? (JILA) measured the DR cross
section for Mg* using crossed ion-electron beams and
recording coincidences between recombined Mg atoms
and stabilizing photons from the collision region. A simi-
lar experiment was carried out by Williams? for Ca*. Us-
ing merged-electron-ion-beam methods, a group* at the
University of Western Ontario investigated C* and our
group® at Oak Ridge National Laboratory (ORNL) stud-
ied the Li-like ions B>* and C**.

In this paper we report on our measurements of DR for
the Na-like ions P*+, $°* and CI*. The DR process
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measured for these ions is
A9%(Ne core, 3s)+e=24'9—1*(Ne core, 3p;n,l)
—A4'9~V+(Ne core, 3s;n,1)
+hV3p3s , (2)

where the symbols are as described for Eq. (1) and Ne
core stands for a 1s?2522p® configuration of electrons.
We shall describe the experimental apparatus, experimen-
tal procedure, data reduction, and a comparison with
theory.

II. EXPERIMENTAL APPARATUS

We chose a merged-beam approach to take advantage
of our ability to produce a high-charge state of MeV/amu
ions, and a high-current, high-energy electron beam. The
merged-beam apparatus (outlined in Fig. 1) is constructed
such that in the interaction region the ion beam is coaxial
with and embedded within the electron beam for a dis-
tance of 84 cm.

The ion beam from the ORNL EN-tandem accelerator
enters the interaction region through an axial, 0.64-mm-
diam hole in the cathode of the electron gun. After exit-
ing the interaction region, the ion beam is charge-state-
analyzed using an electrostatic deflector. The length and
separation of the plates is 25 and 1 cm, respectively, and
from —3 to —6 kV was applied to the top plate while the
bottom plate was grounded. Ions with the initial charge
state g + are deflected into a Faraday cup having electro-
static secondary-electron suppression. The cup is connect-
ed to a current integrator and the output pulses are count-
ed by a scalar. Ions that have picked up an electron
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FIG. 1. Schematic diagram of the apparatus.
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[charge of (¢g—1)+] are deflected onto a solid-state
position-sensitive detector (PSD). The ions having charge
(g —1)+ arise from electron pickup by the g+ ions from
the residual-gas molecules, slit-edge scattering, and the
sought after effect, DR.

The source of the electron beam is a doubly gridded
Pierce-type high-intensity electron gun® which 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, =PV?>’%. The constant
P (the “perveance”) is determined by the electrode
geometry and grid voltage and equals 107° here. The
electron gun is magnetically shielded from the solenoidal
field of the interaction region. The emerging electron
beam comes to a focus ~7 mm from the anode, where it
has a diameter (containing 95% of the beam) of 3.15 mm.
It enters a coaxial solenoidal magnetic field which is ad-
justed to establish Brillouin flow’ (e.g., ~0.018 T 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 w;. Under Brillouin flow the
longitudinal velocity of an electron is independent of ra-
dius, the radial velocity is zero, and the azimuthal velocity
is equal to w; times the radial position of that electron.
Surrounding the electron beam is a coaxial stainless-steel
cylinder (length 84 cm, id 7.9 mm) to which an electrical
bias can be applied. The cylinder serves both to minimize
the potential difference between the center of the electron
beam and ground and, with the application of a voltage,
to change the electron velocity at fixed V,. Following the
interaction region, defined by the length of the coaxial
cylinder and the solenoidal field, the electron beam ex-
pands due to space-charge repulsion and strike the
chamber walls.

The entire system is bakable to ~200°C and pressures
of 8 1071°-2x 10~° Torr are achieved using three 270-
1/s combination sublimator-ion pumps and two cryo-
pumps. Operation of the electron gun increases the pres-
sure at the gun and where the electron beam is “dumped.”
The pressure in the gun region returns to base values
(~1x10~° Torr) after a few hours, but the pressure in
the “dump” chamber remains above base values
throughout the experiment. The pressure rise in the
“dump” region is from 5X 107° to 2 10~® Torr and de-
pends on the voltage and/or current of the electron beam.

III. EXPERIMENTAL PROCEDURE

By considering Eq. (2) one can see that the relative en-
ergy (E,) region in which DR can occur must be such
that 0<E, <E,,, where E,, is equal to the energy differ-
ence between the 3p and 3s levels in the 497 ion, 11.0,
13.2, and 15.4 eV for P**, $5*, and CI®*, respectively.
The relative or center-of-mass energy of an ion and a col-
linear electron is given by

E,=plE, /m,+E; /M;—2EE; /m,;M)'?],  (3)

where p is the reduced mass (=m,), E, and m, are the
energy and mass of the electron, and E; and M; are the
energy and mass of the ion, respectively. In our experi-

mental arrangement collinearity can only be achieved on
the ion- (or electron-) beam axis due to the angular veloci-
ty of the electrons about the axis. Radial and angular
misalignments of the two beams, angular divergence of
the ion beam, and non-Brillouin-flow electron-beam
behavior further invalidate Eq. (3). However, these effects
primarily produce a spread in E, (see discussion below on
the signal shape) and we will use Eq. (3) to give the cen-
troid E,. The electron energy to be used in Eq. (3) is not
equal to eV, but to ~0.96eV,, due to the space-charge
potential drop of the electron beam from its center to the
surrounding tube.®

The relative energy can be varied by changing V., keep-
ing E; fixed at the maximum energy E;, available from
the EN tandem [E;,~6X(g+1) MeV] or fixing
V. =~(6X10°)(g+1)m, /M; kV and changing E;. The
choice is dictated by which procedure gives the better
signal-to-background ratio. By ‘“background” we mean
that part of the (g—1)+ ion fraction due to electron
pickup by g+ ions from the residual gas (RG) and slit
edges (SE’s). We can define a background ratio R, as

Ry=12""*/I9* =aPE/ "+ BE; ", @

where the first term on the right-hand side is due to RG
and the second SE, I},""'” and 9% are the numbers of
(g—1)+ and g+ ions per second, respectively, a is a
constant determined by g + and the composition of RG,
B is a constant determined by g + and the geometry and
composition of SE, P is the RG pressure, and n and m
(constants over our range of E;) are determined by factors
listed for a and B. We also find that 2 <n<=m <4. With
fixed E;=E,,, R, is minimized, but changing V, changes
P in a nonlinear and not always reproducible manner, and
thus R, cannot easily be determined. Modulation of the
electron beam, via square-wave modulation of the control
grid bias, produced pressure modulation and thus R,
modulation equal to or greater than expected signals.

We chose to fix V, at a value determined by E;, with
E,=0. This maximizes the electron-beam density p, and
minimizes R,, although R, will vary as E; is changed.
After setting the grid voltage to obtain a perveance of
1 X 1075, we optimized the electron beam by adjusting the
orientation of the solenoid and the cylinder surrounding
the electron beam (see Fig. 1) and making small adjust-
ments to the solenoidal field such that the current to the
cylinder was a minimum ( <0.017,). It was then verified,
by observing the position spectrum of the (¢ —1)+ ions
while switching the electron beam on and off, that the
electrostatic field, due to the electron space charge, pro-
duced no steering of the ion beam. We believe that
minimum ion-beam steering indicates minimum misalign-
ment between the ion- and electron-beam axes. An 11-Hz
square-wave voltage V,, alternating between O and +V,
(referenced to ground), was applied to the surrounding
cylinder. V¥, is chosen such that the electron energy
[E.~e(—V.+V,)] together with E; result in an E, at
least 5 eV above E,b,, i.e., a region where no DR signal is
expected. We count the 49~ "+ and 49+ beams taking
~ 1-eV steps in E, by changing E;. The number of ions
when V, is zero, A¢ ~"'* and 48", or ¥,, 497" and
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FIG. 2. Ratios R, (A) and R, (®) vs E, (lower scale) and E;
(upper scale) for $>*. See text for the definition of R, and R,.

AJ" are stored in separate channels. At each E;, we take
the ratios

Ro(E)=AF~V*(E;)/4§*(E)
and
R, (E))=AY"VH(E;))/AS*(E;) .

The result of such an experiment is shown for S°+ in Fig.
2, where we have plotted these two ratios versus E,.
Several jumps appear in the data which are far beyond the
range of statistical error. These jumps probably occur be-
cause of slit-edge scattering, which may vary somewhat
with ion-beam steering at different energies. (Note that in
our configuration the ion beam may be scattered at the
narrow entrance aperture in the cathode.)

IV. DATA ANALYSIS

The ratio R is composed of signal R, plus background
Ry(V,=0), whereas each R, contains only background.
Figure 3 is a plot of the difference (Ro—R,) versus E,
and it can be seen that the ‘“jumps” have disappeared.
The jumps can be thought of as sudden changes in B in
Egq. (4), but since they affect Ry and R, in the same way,
subtraction of the two causes cancellation. It can be seen
in Fig. 3 that above E,~17 eV, even though R; should
equal zero, the measured difference is nonzero. This ef-
fect is due to pressure modulation caused by the electron-

energy modulation. Looking again at the composition of
Ry and R,

Ro=R,+aP(V,=0E; "+BE ™,
R,=aP(V,=V,)E;"+BE; ™,

we see that the difference
Ro—R,=R;+a(AP)E ™",

where
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FIG. 3. Difference R (=Ro—R,) vs E, for $°*. The solid
line is a plot of KE;™".

AP=P(V,=0)—P(V,=V,) .

We now choose a constant K such that the difference is
zero where we expect no signal, i.e.,

R,=(Ro—R,)—KE ™",

where n is determined from R,, and subtract this term
from the difference in the region 0< E, <E,, to yield R;.
This term (KE; ") is shown as the solid curve in Fig. 3
and its typical magnitude is 5% of R,.

The signal ratio R; is related to the DR cross section o
by

R,= f fpiv,a(v,)p,(v,)dv,dﬂ/ fpividA ,

where p, is the electron density, p; is the ion density, v, is
the relative velocity, v; is the velocity of the ions, and Q
and A are the volume and cross-sectional area of the in-
teraction region, a cylinder whose radius is that of the ion
beam r; and having the length of the electron beam L;
since p; and v; are constant within (, the ion current

I,'= fp,'l)idA =pl’v,'A .

Approximating p.(v,) by an average electron density p,,
times a distribution in relative velocities f(v, ), both being
independent of position within (), we can write that

Ry=(p.L/v;) [ v,0(v,)f(v,)dv,
=(p.L /v;){v,0) .

Thus, from the measured quantities, we can calculate
(v,0) at every ion energy or relative energy, i..,
(v,0)=Ry; /p.L.

V. COMPARISON OF THEORY AND EXPERIMENT

In order to compare our results to calculations, we shall
first review the properties of the DR cross section o and
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then discuss how our particular experiment affects the
theoretical predictions. The o exhibits many sharp reso-
nances (having widths <<10~2 Ry), but for convenience
of presentation and comparison with experiment it is use-
ful to define &, averaged over an arbitrarily chosen energy
interval Ae, as

1 (E +ber2
U(E’)=E fE,—Ae/z ode .

For Ae =0.01 Ry, which is much smaller than our experi-
mental energy resolution, & carries essentially the same in-
formation as o itself. The o predicted to be observed
under the conditions of this experiment depends on the
electric fields present in two regions; first, the charge-
analysis region and second, the interaction region.

The electric field used for charge analysis can field-
ionize states of the 49—+ (a;n,l) having high n values.
The maximum n state that can survive these fields is ap-
proximately given by’

nm~6.31x10%*/E(V/cm) , (5)

where ¢ is the core charge and E is the analysis field in
V/cm. In this experiment the deflection field used was
~4 kV/cm, and for P**, $°*, and CI®*, n,,~60, 65, and
76, respectively.

Less well understood is the effect of small fields in the
interaction region'® which can mix ! states for a given n,
and thereby increase the DR cross section. This increase
can be easily understood from the following considera-
tions. The dielectronic recombination cross section

A4,

o (XO'" _
DR A+ A,

b

where o** is the cross section for formation of the doubly
excited state of Eq. (1), 4, is the radiative rate leading to
stabilization of this state, and A, is the autoionizing rate.
But since 0** < 4,,

UDRCKA,Aa/(Ar+Aa) ) (6)

and hence large opg is expected for A, >>A4,, where
OpR < A re

With this in mind consider the / dependence of 4, for
a given n: An example, Mg*n =20, is shown' in Fig. 4.
The radiative rate A4, for the B—a core relaxation is
essentially independent of /, but A, falls rapidly with /.
If we make the assumption that all states with A4, > 4,
contribute to opr and all states with A4, < 4, do not, we
find a total of 72 states which contribute. If we place the
ion into a field strong enough to mix all the / states, we
must now use the Stark representation!® shown in Fig. 5.
Using the same criteria as for Fig. 4, we find that 304
states should lead to DR; a gain in opg of a factor of
~4.2. Exact calculations as a function of applied field
are still not available, but an approximation which as-
sumes complete Stark mixing might be a useful upper
limit for purposes of comparison of theory with experi-
ment. Such calculations for our cases have been carried
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FIG. 4. A,(n,l) and A4, vs [ in spherical coordinates for
n =20 in Na-like Mg* from Ref. 10.

out for all n values less than n,,, as calculated from Eq.
(5), by Griffin, Pindzola, and Bottcher.'® An example of
this effect is shown in Fig. 6, where we show two histo-
grams of v,5 versus E, for S with Ae=0.01 Ry. The
upper histogram assumes complete Stark mixing, the
lower no mixing. If our experimental energy resolution
were of the order of 0.1 eV, then our measured (v,0)
versus E, would look much like Fig. 6.

Even a cursory examination of Fig. 3 reveals a rather
broad and asymmetric shape for the measured (v,0)
rather than the predicted sharp peak of Fig. 6. If we as-
sume that the energy dependence of & is correctly calcu-

1012

10" |-

100 |

Ag(n,k,m)(sec™")

107 - ; oA

108 |-
/ _'.v-'-v.‘.
J

v . a6
105 1 l" | \'I 1

-30 -20 -10 o] 10 20 30

FIG. 5. A,(n,k,m)and A, vs k in parabolic coordinates for
n =20 in Na-like Mg* from Ref. 10. The number to the right
of each curve drawn through the points equals | m |.
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FIG. 6. DR rate v,& vs E, for $°* with Ae =0.01 Ry calcu-
lated from the & of Ref. 10. Lower histogram without field
mixing, upper histogram with complete mixing.

lated, it is almost a & function on the scale of Fig. 3 and
hence the measured shape of {(v,0) is a reflection of the
relative velocity distribution f(v,) present in our experi-
ment.

Since the ions pass through an energy-analyzing mag-
net, a bending magnet, and several small apertures, their
velocity is very well defined. Thus, we shall neglect the
contribution of the narrow spread in ion velocities to f(v,)
and consider only the contribution of the electron velocity
distribution f(v,) to f(v,). The resulting (vo) versus E,
[as defined in Eq. (3)] is affected differently by the com-
ponent of f(v,) parallel to the ion beam, f|;, and by the
transverse component, /. The signal from any resonance
(or a 0.01-Ry energy bin) is distributed to higher and
lower E, by f), but only to lower E, by f,. Furthermore,
the “width” of the energy spread due to f|| varies as a
function of E, due to the center-of-mass while the effect
of f, is constant with E,. In an attempt to find an
empirical velocity distribution to fit the data, we assumed
the form of the two components of f(v,) to be

fi1=\a/V'm) exp[ —a(v), —v);0)*]
and
f1=2Bv, exp(—B%}),
where v and v, are the electron velocity components

parallel and transverse to the ion beam, respectively, Yl is

the electron velocity determined by V., and a and B are
constants. Here, f, is a two-dimensional Maxwellian dis-
tribution with a “temperature” determined by the cathode
temperature, a compression factor’ and other electron-
flow factors, and f| is an “offset” (by Yl from 0) one-

dimensional Maxwellian distribution. Transformation to
the center of mass leaves f, unchanged while f; becomes

ffl=(a//7"r)exp[—a2(v]|—vo)2] ,

where the primes denote center of mass and v, is given by
vo=(2E, /m,)'"* .

Since we have no independent way of measuring the elec-
tron velocity distribution, we determined the constants a
and B from our data. The calculated rate for CI®t was
convoluted with £} and f, and the constants varied until
the shape of the resultant rate versus E, agreed with the
CI®* data. The values obtained by this fitting procedure
were B=7.55x10"7 sec/cm and a=6.89x 10~% sec/cm.
These same values were then used to convolute the calcu-
lated rates for P** and S°* and were found to be in
reasonable agreement with the shape of the P**+ and S+
data (as well as for other ions not reported here).

The results of this folding of the calculated rates and
our data are shown in Figs. 7, 8, and 9 for P**, §°*, and
CI°*, respectively. The upper-solid line in each figure is
the calculated rate for complete field mixing and the
lower-solid curve corresponds to no mixing. The error
bars on the data points are the relative uncertainties which
include counting statistics and background subtraction for
any one ion or between any two ions. The absolute uncer-
tainty is dominated by the imprecise knowledge of the
electron density, p,. Although beam profiles were mea-
sured by the manufacturer and ourselves, the measure-
ments were made at only a few points in the six-
dimensional continuum of cathode voltage, grid voltage,
solenoidal field, and space. We estimate the uncertainty
in p, to be £30%, and thus the absolute uncertainty of
the data is approximately +35%.

Due to the broad energy spread of our electron beam,
no information regarding individual resonances can be de-
duced. Our rate measurements for all three ions fall be-
tween the calculations assuming no / mixing and complete
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FIG. 7. DR rate v, vs E, for P**. Points are the experi-
mental data, the upper curve is calculated from the & of Ref. 10

with complete mixing and the lower curve is the same without
field.
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FIG. 8. DR rate vg& vs E, for S°*. Points are the experi-
mental data, the upper curve is calculated from the & of Ref. 10
with complete mixing, and the lower curve is the same without
field.

! mixing. The calculated peak values for the rates in-
crease with increasing g; assuming complete mixing,
(0,0 ) max=17.9, 9.5, and 12.8 (in units of 10~'° cm?/sec)
for P**, §°+, and CI®*, respectively, and 1.6, 2.3, and 3.2
assuming no mixing. The measured peak values for the
rates are approximately constant at 4—5. The implication
here is that field mixing is incomplete and that it is less
complete for higher charge. Although no direct calcula-
tions exist on the field-enhancement effect for the cases
discussed in this paper, some general statements can be
made based upon calculations for Mg* (Na-like) and Li-
like B2* and C3* ions. First, field effects on opgr(n) can
be quite large and grow larger with increasing n. Second,
it takes very little field to saturate the field effects,'! espe-
cially for high values of n (e.g., ~80% saturation for a
field of 10 V/cm for n=30 in B?>* and C**). Finally,
the field effects on opg(n) should decrease for higher ¢
values for a given n. The actual field present in the
recombination region of our experiment is difficult to as-
sess since it varies over the radius of the electron beam
ranging from O V/cm at the center to 150 V/cm at the
outer edge. Under ideal conditions the ion beam is con-
fined to a region +0.25 mm from the electron-beam
center, where the field reaches a value of only ~5 V/cm,
but fields in the order ~10 V/cm are certainly imagin-
able. Similar comments can be made regarding the com-
parison of theory'® with experiment for Mg™, i.e., similar
fields (24 V/cm) give similar results g, =1.1x10""
cm?, Opeor (M0 mixing)=0.2X 10" cm? 0O peor (With

T T T T
c£%(35) + e —[c£%"(3p,n 0)]"* —
al [ce’@3s.ne))* + 1y -

13}- .
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FIG. 9. DR rate v, vs E, for CI°*. Points are the experi-
mental data, the upper curve is calculated from the & of Ref. 10
with complete mixing and the lower curve is the same without
field.

complete mixing) =1.7x10~!7 cm?

A possible further cause for disagreement between our
measured DR rates and those calculated from theory is
that the 3p;,,—3p,,, autoionization channel was neglect-
ed'? in the o calculations. The energy differences between
the 3p;,, and 3p,, states for P**, S5+, and CI®* are 98,
157, and 235 meV, respectively, so that Rydberg states
having n >46 may autoionize. This causes an increase in
A, in the denominator in Eq. (6) but not in the numera-
tor, and thus o decreases. Since the field effects cause
more enhancement of the DR rate for high-n states and
since the 3p;,,—3p,,, autoionization causes dimunition
of the DR rate for high-n states, the effect on the total
DR rate will be a small decrease.
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