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ABSTRACT

We have determined the 'm.a.gnetic substate alignmeﬁt produced in double elec-
tron capture by the H-like projectiles C°* and B** from He atoms by measuring the
anisotropy of the Auger electrbn emission from the doubly excited 1s2121 2L, projectile
states formed in the collision. This work adds recent results to, aﬁd expa,nds upon, our
| previous short communication on the C°%, He syétem [Phyé. Rev. A43, 607 (.1991)].
These are the first determinations of M;j, substate populations pro.duvc.ed by a multii)le
electron capture collision and they challenge theory at the neariy the finest quanturﬂ
state detail. We observe large differences .b‘et‘ween the results for B* and C5* over the
velocity range 0.25-0.50 au for fhé substate aqd total 1s2121 2L relativg hcross-sectio.ns.
Substantial population of M;, >0 states' shows the 'importance. of rotational coupling in
these slow collisions. The. large ahisotroiaies observed demonstréte that substantial
errors can result from inferring "cross-sections"” from single angle measurements énd the

assumption of isotropic electron emission.

PACS numbers: 34.70.4¢, 32.80.Dz |



I. Introduction

Multiple electron capture in slow ion atom collisions produces multiply excited
ionic states which may reveal their quantum properties through analysis .of subsequent
photon or Auger electron en.liSSionr. In contrast to studies of the allowed photbn emis-
sion, which are limited to the dipdlé ;;erm (see e.g. [l]v), the Auger spectrum can 'yielé
iﬁformation on all orders of multipolarity of the excited electronic wavefunction, since
probabilities are often high for emission of electrons carrying away ény amount of angu-
lar momentum. In the desirable case Where the final ion state has zero total orbital
angular momentum, i.e. an S state, the angular variation of the Auggf electron emission,
with respect to the projectile beam direction, carribes complete information on the sub-

state alignment created in the capture process [2]. In this work we report studies of such

collisions where the projectile carries one electron and the target is a helium atom. That

is the collision system:

AZ=1H(15) 4 He(1s? 15y) — AZ=31+ (152121 2L) + He™ ™
analyzed by study of the angﬁlar variation of the Auger electron emission .
AZ=3* (159121 2L) — AZ-2+(152 18,) + e (eL)
for the case where AZ=V)+r=p4* and C57. Thé work’s majc;r application is as a detailed
test of two-electron capture ﬁheory in the low energy (v<1 au) regime. However, the
demoﬁstratioﬁ of large energy—depenéent anisotropies has impact upon total cross-
se\ction measurements and points out the possibility of probi‘ng fine scale properties of

some long-lived doubly-excited states via induced perturbation Qf the collision-produced

alignment. The majority of our results from study of the C°*He system have appeared

E
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in brief form [3]. They are included here; together with new results for this éystem, for

completeness and for comparison with the new B*t 4 He results.
II. Experimental Method

‘ " These experiments were made at the LBL/LLNL (Lawrence Berkeley
Lab./L‘awrence Livermore National Lab.) atomic physics facility located at the LBL 88-
inch cyclotron. Fig. 1 shc;ws a view of the portion of the facility which draws ions from
the original LBL ECR (Electron Cyclotron vResona.nce) ion sou;'ce. The B** ions were
produced by feeding B,O5 vapor from a fesistance heated Ta oven (= 1500°C) radially
into the ECR blasma chamber which was operating With a hycirogen sup.port plasma.
.T-he CS+ ions were niade from CO gas fed directly into the plasma_éhamber, Whichi was
operated With‘.a He support plasma. Beams were momentum analyzed by the 90° mag-
net, directed and focused by the 70° magnet, x/y steering plates, apd einzel lens into the
chamber’ containing a rotatable electron .spectrometer and gas jet (upper beam line in
Flg vl). This apparatus is .shown in Fig. 2. The specfrometer is a 45° parallel plate
“analyzer which rests on a turntable with a resistance‘ readout of the table pésition; the
éntire assembly is inside a double-walled mu—metal-xﬁagnetic shield. The spectrometer -
design allows c'overage, of angles between 20° and 160° (0° is along the beam direction).
The ion beams Were collimated to 3x3 mm? with =5 mrad divergence by passage
through 4-jaw collimators separated by 1.2m. At 10 x g keV, typical charge analyzed
currents (at the exit slit of the 90° magnet) were about 3.0 uA for both ions; the resuit-
ing transmitted current to the Faraday cui) at the exit of the ‘spectrometer chamber was

about 5.0 nA.



The beams intersected a He gae jet with three-exis adjﬁstment to allow align-
ment with the turntable axis and optimum positioning of the jet assembly above the
beam. To improve the resolution of the spectrdmeter, the electrons (at about 250 eV for
the C°* and 150 eV for Bt projectiles) were deceleraﬁed befor_e reaching the entrance
slit to energies between 40 and 60 eV. At the exit of the spectrometer, the. electrons
were accelerated into a channel electron multiplier (CEM). Pulses from the CEM, after
amplification and discrimination, passed into a multichannel scaling (MCS) system based
upon a microcomputer. The MCS system scanned the voltages oﬁ the spectrometer to
cover Selected laboratory electron energy ranges; the dwell time in each channel was that
required to reach a preset charge into the Faraday cup as determined by an integrating

electrometer.
III. Spectra and Alignment Measurements

- Figures 3 and 4 show spectra from both ions takeﬁ .at a laboratory angle of
160°. The prominent lines are from 13(2121’) %L, states where the active electroms, ori-
ginating in the spin singlet state of the He ground state, are captured into one of the
2121" singlet etates, yielding the final states: 1s2s? %3, 15[252p. IP)?P, 1s2p? D, and %S.
Henceforth we use the abreviations: S,=1s2s? 28, P,=l1s[2s2p °P|?P, Py=l1s[2s2p 'P|°P,
D=1s2p? D, and Sbsls2p2 . Tabies 1 and 2 summvarise properties of the states arising
from the 1s212l' configurations in B** and 'C3+ respectively. Since the collision is fast
compared to spin-orbit coupling times and is dominated by t.he_ Coulomb interactions, it

is expected that the c_aptﬁred electrons will remain in a singlet state. Although labeled

with "valence" configurations [2s2p 'P] or [2s2p 3P], the two 2P states each contain some



opposite spin character and therefore population of 1s[2s2p 3P] 2P is possible when cap-
turing 2 electrons from a pure épin singlet state. Some intensity is seen in Figs. 3 and 4
from decay of the 1s2s2p “P state. This state is not a pure quartét since it contains
components of s;lnglet valence character due .to mixing by the ﬁne-structure. interaction.
with, most significantly, the 1s[2s2p P]?P: state. It is, however, the lowest member of
the "quartet” system; none of these states, to the extent that they are pure quartets, may
Auger decay via the Coulomb operator, But rather radiatively decay, perhaps i1-1 several
steps, to 1s2s2p 4P.. Thus one could expect to'see's'ome iﬁtensityv from 1s2s2p 4 'P
because, 1) it is Weakly produced directly via its: valénce singlet character and 2) it col- |
lects virtually aH the populatién of higher }&ing quartet, ‘statevs which rad_iatiifely feed it.
Ultimately 1s2s2p 4f’fdoe§ Auger decay via the Coulombicoup'lingkto its 2L component:s'
and by the coupling to the continuﬁm. of its major quartet compénent by the spin-spin
part of the Breit interaction. The reader is referred to the extensivé series of theoretical
papers on these states [4-15]!
| Another mechanism for populating states with tripleﬁ valence spin states is two
separaté single capture cbllisions, either with the ﬁe gas or in cqmbinaﬁion with one
capture from ‘the residual gas in the beam tranéport line to the apparatus. Careful stu-
dies Wlere.made of the variation of the intensity of the principle Auger lines with He jet
:density, monitored‘by measuring the chan‘lber ambient He pressure. Data were collected |
well within the single collision regime where the line intensities varied linearly with the
density.
The alignment created in the Py and D states of each ion.was determined by

normalizing the area of the peaks from these states to the area of one of the peaks from



the S,y states (S, for B** and S, for C%*). This was done for spectra taken at nine
angles ranging from 20° to 160° in the laboratory. Normalizing to the isotropic S stétes
obviates the neea to correct for changing overlap of the viewiﬁg angle of the spectrome-
ter with the beam.-j‘et intersection, gas jét dénsity, transmission of the spectrometer,
CEM detector gain, or electronic thresholds, etc. This nqr'malization was accomplished
by fitting an appropriate line shape to each peak in the spectra and then calculating the
-areas under the line shapes for vthein, D and chosen S p‘eaks. For the C°* projeétile
data, a gaussian line shape of constagt width for all lines ﬁt. the data well. For the B**
data, an asymmetric "gaussian" shape was used. As seen .'iﬁ Fig. 3, the‘ _bordn speé_trum
shows small .but noticeable broadening on the low energy side which Ix;ay reflect post-
collisignal effects (see the following section). ' |

The normalized intensity, Ir(6) =(ratio of peak areas), at angle 6 from a state

with angular momentum L is given by,

oL - |
I1(0) = —W(9), | (1IL.1)

Jg .

with,
Wi(6) =1+ 3 DoxAgPoy(cosb). (I1L.2)
k=1 :

where oy, and og are cross sections for producing the states, the P, (cosf) are Legendre
polynomials, the Ay are alignment coefficients to be determined and the Dy are factors
near unity, which correct for de-alignment . caused by the incomplete fine-structure cou-
pling of T and S during the period before the Auger decay [16]. This treatment is

appropriate for cases where post-collision interaction effects which can alter the angular

distribution are insignificant (see following section).



Figs. 5 and 6 show our anisotropy data and the lea,st-Squares best fit of Eq.
(1.2 ) made by adjusting the parameters ASi=D,, Ay, and 0y /os. Table 3 contains the
Ag and O'L /0g values extracted from the fits using values for the Dy calculated follow-b
ing [16] from parameters contained in Tables 1 and 2. Also included in Table 3 are the

magnetic substate fractions inferred from the A, (see Section V).

IV. Post Collision Interaction Effects

Perturbation of Auger line shapes, positions and angﬁlar distributions caused
by the i)roximity of the target ‘produ_ct ion to thé excited projectile when the élect-ron
emission occurs are termed post collision interaction (PCI) effects. There are a number
of these which include focusing 6f electron. trajectories and shift .ovf the electron energy .
by the Coulomb poténtial of the target product 'ion. .The electric field ‘of ﬁhe target ion
| can also mix opposite parity excited states producing -a forward/backward asymmetry in
the angular distribution (since the field always points from the perturber to the emitter).
In addition, when coherently excited Auger stateé oiferlap in energy, either because of
their natural widths, or the field of the target ion, interference effects caﬁ perturb _the
spectrum and. angular distribution. Some of these eﬂ’ects', when significant, can have
severe impact upon the extraction of unambiguous information about the collision pro-
‘cess from- the observed Auger spectrum. |

The followingAdiscuSSes briefly those aspects of the PCI phenomena that could
impact upon our measurements. Since the angular distributions of Auger intensities are
determined ih this work by referenéi‘ng peak areas to the area of a nearby ’s line, they

are sensitive only to differential PCI effects between the two lines.



Recent observatiqnvs of the focusing of Auger electrons (and diffraction) by the.
perturbing iqn field have been feport_ed by Swenson et al. [18], [19] and have been
treated theofétically [19], [21]. These effects are prominent at small angles (a few
degrees) in the forward (or backward) direqtion depending upon which particle is the
emitter. We have made a classical calculation to estimate the importance of deflection
of the Auger electron by the target product ion to our angular distribution measure—A
ments; a summary of this calculation is presented in the appendix. The effect is largest
for backward emission frém the léwest velocity projectilé, and the sta.i;e with the shortest
‘Auger lifetime. Ih this work the largest effect is for the line from B** S, produced by
20keV Bt impac't; at 6,,,=160° one obtains for the shift of the laboratory emission
aﬁgié, AB),,=0.56° and an energy shift AE; =—0.46 ¢V. The values of Af,;, produced )
by the post collision Coulomb scatteriﬁg are not significant pe.rturbations on the angular
distributioﬁs measured in this work, -and use of an asymetric gaussian function ade-
quately reproduces the obseﬁred PCI perturbed line shapes for the spectra from B4+ -col—
lisions for the purpose of obtaining an accurate integration of the line intensities.

Post c‘ol.lisional Stark mixing effec_t_s, on the anisotropy of Auger emission have
~ been discussed by Stolterfoht et al.' [22] and Miraglia and Macek [23], with particular
reference to He states excited by Lit impact. The two level treatment in [22] produced

the dimensionless parameter:

L

K=
v

2q | dys | ]‘/2 )

AE,,

as a measure of the effectiveness of Stark mixing during the decay of the Auger states;

T =(T,T,)"? with I‘l;z the decay widths of the two states in the absence of ‘mixing, v is
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the relative .velocity of the partners, AE;, i's. the energy 'separation of the unperturbed
states, q is the charge of the perturbing ion,l and d; is the dipoie matrix element
between the unperturbed states. For the case of Py, mixed with D for B2t and C3* in
our studies, one has for b§£h ions & A2 0.038 | d;o | /2 (d,, in atomic units). Ref. [22]
~suggests that values of K~0.1 or larger indicate significant pe_rturbﬁtion to the Augei‘
a,nisotvropy. For our cases this would require | d;o | =7.5 au; this is equixfalent to a radi-
ative rate of = 8x10% sec™! which is of the same magnitude as tilat caiculated by Davis
aﬁd Cliung [4] for the Py - S, transition in B?*. However, examination of ouf data (Fig-
ures 5,/6) do noﬁ reveal large .comp_onénts odd in cosé, which would signify strong Stark
mixing; nevertheless, there are small contributions of such terms apparent in some of the‘
cases.with the best statistical precision. The .da,ta for the Py, state of C3* prddﬁced by
50 keV (v=0.41 au) collisions (see Fig. 5) perhaps show this best. A slight enhancement |
in the forward direction is ébSerVed. Examination of the residuals from the fit of Eq.
(I1.2 ) to these da_ta .yields the plot shown in Figure 7; This statistically significant but
small residual effect may be the result of Stark mixing, but may alsp be siinply a techni-
cal artifact not entirely removed by the normalization scheme. Because of its small size
we have choseﬁ not to include terms odd in cosf in our ﬁt‘ss to determine the anisotropy
parameters; their inclusion would not significantly alfer the values obtained. For the
'mo.ment, we lea\}é open the question of the origin of this. small forward/ backward asym-

metry in the data.
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V. L and Mj, State Population Fracﬁons

From the o1 /o, values extracted from the fits to the anisotfopy data and the
areas of the Sa and S, peaks we have determined the variation with energy of the frac-.
' tional population for the Py, D, S, and S, st.ates summed over all My, quantum numbers.
As discussed earlier the;e are the states produced directly in the double capture process;
These results are presented in Figures 8 (a) and 9 (a) for the two ions, together with
results from ‘theoretical calculations by Fritsch and Lin [24] and by Hansen and
Taulbjerg [25,26]. Note that we did not observe a significant p.re.s_ence of Sy in our boron
‘measurements; this is consistent with the small fractién calculated in [24] and [26].

For the case of carbon we carried out additional measurements to determine
the variation with energy of thé‘total relative cross section for each state. That is, with
all conditions heldv constant, we collected spectra using beams of varying energy at a sin-
gle _ﬁxedl angle in one continuous data collecting period. Using the previously measured
anisotropy parameters we then extracted values proportional to the total cross séction
for each 2L state. These data are presented in Figure 10. In principle this could have‘
been eXtracfed from the same data used to obtain the anisotropy parameters, however,
those measurfame_rit‘;s were separated in time, and detector, gain and threshold values
varied. Thus a separate series of measuremeﬁts was made following the detel'min#tioﬁ
of the ariisotropy parameters.

| From the anisotropy pafameters,. Agy, one may obtain the cross section ratios

ou, /0 (see Ref. [2]). In the laboratory frame, with z-axis along the beam direction, one

has, for a P state:
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Tl 1—A, /2 ' '
._1_ o .._21_, (V-l)
0y 14A,
and for a D state:
o, 14A,/2—2A./3 o, 1—A,+A,/6 -
g1 _ 1A /2-2A,/ % _ 2 4/' v.2)

g - I4+AHA, T o 1+A,+A,
Alternatively, one may extract a population fraction, fm,; for each substate >|L,ML>'.

Thus for a P state:

1 1, - | |
fo = 'g'[l"*‘Ag] 5 fl == —?I'[l—A2/2], ) (V.3)
and for a D state:

fo = '5—[1+A2+A4] 5 fl = '%'[1+A2/2_2A4/3] y f2 = _E];_'[I_A-2+A4/6]- (V.4)
In Figures 8 (b,c) and 9 (b,c) we present the |LMy > population fractions for the Py, and

D states respectively together with the calculated values from Refs. [24], [25], and [26].

V1. Discussion

In a general sense, the extent to which the double capture population of the states étu-
died in this‘ work is understood is reflected in the degree of agreement between the calcu-
lations and the measurements evident in Figures 8, 9 and 10. The theoretical treatments
[24, 25, 26] uti_l?ze closé-coupling methods with limited two—electron basis sets, and treat
the screening of the projectile nucleus by its 1s electron vi@ model potentials. The work
of Hansen and Taulbjerg [25,26] h,és stresééd the imprtance of using -a correlated sét for
the doubly excited states of the‘Li—lil_{e projectile state formed in the collision. When .

compared to caleulations using a simpler basis set made up of products of hydrogenic
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functions for the n=2 state, the superiority of the correlated basis was clearly evident.
Of course, as pointed out in Ref. [25], it is well known that doubiy.excited states often - -
show a high degree of correlation and thus it is nof surpﬁsing that a limited basis set
which includes the lowest order effects of the iﬁtereléctronic rep;lsion performs better
than one which treats th{e two electrons as independeﬁt particles moving in a screened
central Coulomb potential. Oh ;che othe__r hand, Fritsch and Lin [24] have obtained good
agreeme_ﬁt for the distribution of population afnong the L-states for B**,He (see figure
(8)) using an atomic basis expansion in products of modified hydrogenic functions.

With regard to the My, sublevel populations, generally there is good agreement
between »thé calcul\étions and the measurements for the higher veiocities, but substantial
deviation at low velocity for the D state formed in the B** He collision (Fig (8c)) and the
Py, state formed in the C5* He collision (Fig (9b)). In the latter éasé, Ref. [26] predicts a
population distri\bution favoring Mj =1 near v=0.2 au; this is directly opposite the meas-
ured results.

In spite of the substaqtial theoretical progress, there is a strong desire to
' dév_elop a physical picture or simple model which could explain, perhaps only qualita-
tively, the aligﬁment observed in these, and future, multiple capture }-exlperiments,
Toward this end one caﬁ. use thé\ measin‘ed anisotrqpy parameters to construqt a picture
of the charge cldud, averaged over all rotations about beam direction. An example of
this is shbwn in Fig. 11 for the D states in thé two systemé»studied, In molecular termi-
nology, the initial state of the systems studied is ¥ (Mp=0, laboratory frame ie,. 7-aXIs

along the beam direction) and would remain such if only radial couplings were operative

during the collision. This case is shown as the dashed shape at the bottom of Fig. 11,
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and would be approached in the limit of zero collision velocity. The fact that H and A
states are formed (Mp=1,2) is caused by rotational coupling, Which accounts for the ina-
bility of the electron motion to adiabatically follow the rqtation of fhe internﬁclear axis
during the transfef process. For the P}, states, one can paramet»erize' the ébserved aniso-
tropy in terms of an angle of "siippage"_, B, which is determined by assuming thét all the
population is formed in the My =0 sublevel in é, frame with the internuclear axis making
an angle B with respect to the béam direction. However this simple picture cannot
reﬁroduce the obs‘erve‘d results for the D states, because a single B, at each velocity, will
not reproduce the measured A, and A, values. -

Recently the degree of orieﬁtation producéd in single electron capture collisions
‘has been a,ddresséd [27], in pﬁi‘f, to see if the conceﬁt éf a propens.ity rule favorin.g one
orientaﬁon, as is applicable to excitation collisions, applies tov. the electfon transfer pro-
‘cess. Orientation, of course, cannot be'determined by an experiment such as ours, since
we do not define the collision plane. However some restrictions on the magnitude of the
orientation and the»relativé phase of substate amplitudes can be‘ extracted from the
alignme‘nt measurements for the Py state. Reﬁectiqn s&mmetry requires that, in the col-
lision frame (z-axis normal to the cc;llision plane, x axis along the beam directioﬁ), only

- Mj=+1 substates are populated with.complex amplitudes a; and a_;. The orientation

parameter (expectation value of L,) L, is given by,
2 2
el =la]
ol I
lay | ®+1ay1®

and the alignment angle, ~y, which is the angle between the major axis of the 2Pb charge -

- (VL1)

cloud and the x-axis, is given by,
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N = %[ﬁ+arg(a_la;)]. | (V1.2)

Since a,=0, |2, 24 )a_|%=1and Ly=1-2 la_, |2 |
In the laboratory frame used in this work, wifh z axis along the beam direction
(reached by rotation of the collision frame by 7/2 about the y axis), ¥ and L_ determine

the substate fractions, so that e.g.

fo = 3T ?Fo(_"), (VL3)
where F is given by:
N ’ |
Fo(v) = —= [ Po(b,v)bdb(+)[1~L(b,v)]/eos[2(b,v), (V14)
Lo : ' v

With Py (b&) the probability density for populating the M;=0 sublevel (laboratory
frame) in a collision with relative velocity v and impact parameter b. o

N_ote that our measured values of f; for all. velocities in the B** collisions are
near 1/2, and thus Fy=0. This would follow from.Lf (b,v) = i, or y(b,v)~ /4 (or
37 /4) for all significant impact bparameters, or wide variatién of 2~(b,v) with impact
pérameter so that rapid oécillation of cos(2y) causes t‘he integral to be near zero. Thus
one can at most say. that the ‘observations for B** are consistent With large values for
L,(b,v) over the significant impact parameter range, but do not require this to be true.
The C°* measurements of fy for the Py, state, differ substantially from 1 /2, eépecially at
the higher velocities (i.e. f;=0.24 at v=0.50 au). This suggests that in the region of
impacf parameters contributing. to population of My =0, Lf(b,v) deviates significantly
from unity and ’y(b,\}) lies in the range =+m/4 about y=m/2 for these collisions. Clearl.y,
definitive answers to questions regarding the orientation of the éharge cloud in a double

capture collision await further experimental progress aided and accompanied by



—

16

advanced calculations.

.Anisotropy can substantially affect inferences drawn from Auger intensity
measurements made at a single angle. It is common to find measurements made at a
labbratory angle of zero degrees, where there is minimal kinematic broadening, or 50
deérees to gain the high eﬂiéiency of a cylindrical mirror spectrometer mounted coaxial

with the beam (see e.g. Ref. [28]). The quantity Ap(0)=W;(0) — 1 is the deviation of the

_intensity observed at 6, in the emitter framé, from that which would be einitted by an

isotropic sourcé of the same total intensity. For Auger decay from a P state to a final S
state,. such as from the Py level in this work; observation at 50° in the >laboratory,
together with the kiﬁematic shift at velocities near 0.5 au maké the emitter frame angle
very near the "magic” aﬁgle 9=cos—1(1 /3)1/ 2 where P2(cos0)=0, so the intensity observed
can be used as a direct measure of the cross-section for producing the P state. This is
not the case for.vD to S transitions. There is no general "magi'c" angle forvthis case and
Ap can be substantial at both 50° and 0°. Fig. 12 shows the variation with velocity of
Ap at these two angles for the C%* He system obtained from the measured A, and Ay
parameters. The .poin‘t at zero velocity follows»frdm the fact that, in this' somewhat
artificial case, all pépulation must be in the M; =0 sublevel. A smooth curve hés been fit
between the zero velocity points and the measured points betwéen v=0.2 and 0.5 au.
The 'port‘;ion of the curve between v=0 and v=0.2 is dashed to indicate .that nafure may
follow a diﬁ"grent path. Note that at v=0.5 au, measurements made at 50° exceed the
equivalent isotropic intensity by 30 percent, while those made at zero degrges fall short
by about 50 percent. Assuming the dashed curve repreéents reality, observations at 50°

at v=0.1 would underestimate the total intensity by about 60%. This type of error can
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‘propagate in treatments where fractional intensities, observed at a single anglev, in lines
from different L states, is.‘equated to fractional populations for the excited states. Since
the normalizing intensity is the sum of thaf from all lines, including those with perhaps
substantial Aj, values, even S Vstatesvl (or P S’tates observed at the magic vangle) can be
misrepresented. The degree of error, of course, must be evaluated for each case.

'S‘uch an analyéis was carried out by Posthumus, Lukey énd Morgenstern {29] in
their study of the population of 313V states’formed by double capture from He and H,
| targets based upon fhe aséumption that in the collision'frame, only the ML=+L sublevel
was populafed. Predicted populations of states withinv the 3131' configuration based on
thié assumption and a modified version of the classical overbarrier model _whiph includes
angular momentum ef’fgcts, were in good agreement with their obSefﬁrations of Auger
intensities at 50° in the laboratory Wheli bare projectiles C®* and 0% were used. Agree-
ment was not good for the two-electron projectiles N°*, and 0% in collision with H,.
Our observations of anisotropy are inconsistent with the assumption that, e.g., the D
state is formed entirely in the M;=+2 sublevel in the collision frame over the velocity
range studied for the B**,He and C°*,He systems. If this were the case one would not
obserire strong velocity variation of the substate populations; these would be ﬁked at
fo=3/8, f1=1/4 and f,=1/16 for any projectile. Our results for the B** ,He system (Fig.
(8c))are close to these values near v=0.5 au, while the results for the Cs+,He systerrnl' (Fig.

(9¢)) approach them near v=0.2, but deviate strongly as the velocity increases. If one
assumes that only Mp=2 and M;=0 are populated in the collision frame (population of

ML=:i:1 are forbidden by reflection symmetry), then one can easily show that in the -

laboratory frame one should have f . <1/4. This is satisfied by the results obtained with'
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B4t projectilés .but not by those with the C%* ions. The B*" D-state results are con-
sistent with collision frame»pop.ulations in My =2 ranging from 0.88 at v=0.47 au down.
to 0.50 at v=0.25 with the rémaining population in M; =0. One. can also calculate a
mean phase angle [arg(asa,)] between the M;=2 and ML=O amplitudes to be near 90
degrees .in ‘this model. | The C°* results require that» some population be érese’nt in each
of the M},=2,0,-2 sublevels. in the collision {rame.
_ Recently Lundsgaard and Lin [30] have demonstrated the utility of a propéﬁsity
- rule favgring population of the Mj=—L sublevel (in the colliéion.frame) in calcﬁlatiﬁg
the result of single elecﬂron capture by CB+_ from H atoms. Of course, for 'experiments
such as ours (or those of Posthumus et al. [29]), iwhich do not fix the collision plane,
there is no differ.ence between assuming that all population is in the My =+L or —L sub-.
levels. Either choice predicts the éame o.utcome. when transformed to the laboratory
frame (z-axis aloﬁg the projectile beam); an outcome which is only partially consistent
with our measurements of the D state sublevel population fractioﬁs as dis‘cussedvabove.
The question remains then, as to the validity of the assumption of Posthumus
et al. (and the propensity rule discussed in [30]) P_erhaps it is most appropriate only for
pure one-, or two-electron collision systems; this would be éonsistent with their and our
observatiops that it is considerably less useful for He-like and H-like p_rojectiiles_colliding

with Hy and He Arespectively at velocities in the range of 0.2-0.5 au.
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Appendix: Classical Deflection of the Auger Electron Trajectory

~ For ‘electrén emission from the -projectiie at a distance r from the target product ion of
charge Qp, at rest at the coordinﬁte ofigin, the laboratory energy of fhelelectron is
shifted. from its unperturbed value, Ey,;, by an amount AEr=—(Qrp/r) and the shift,
Ab,,, of the electron trajectory in the laboratory from its unperturbed emission angle

elab is:

— el o “|_pto | ’ '
A‘gla.b = Cos (a2+1)1/2 = cos (O!2+1)1/2 elab ’ (Al)
where the +(—) sign is taken for Olab >7/2 (O, <11/2),
AE ‘
- T 1 (A.2)

p = (Ejpp/E)2sind)yy, , : (A.3)
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and
E'=Ep + AEr. | (A.4)

'Elab=Eexﬁ+AEK(9lab) is kinematically shifted from the emitter frame Auger line energy,

E¢n, by the amount:

AEg = E(2c0800p[(Eem/E)—sin® 0] /> — 2sin®0, +1), ~ (A5)

where E.=(m,/Mp)Ep, is the laboratory energy of an electron at rest in the projectjlé
res;‘p frame (EP, and Mp are the projectile energy and mass, m, the eiectroﬁ mass).

This treatment for Af),, is valid ﬁrovided r is much lgrger than the collision
impact parametef, @king r=v7, with v the projectile velocity, and 7 the excited state
lifetime, one .has values ranging from r=100—200. au for the lines studied here, whereas
the important impact parameters are near a few au. Integratiﬁg the energy shift, AEr,
over all separations weighted by the; emission rate (vr)~le ™/V7dr, one obtains the
Barker-Berry [20] asymmetric line shape with full width at half maximum, 1.07AEf,

and peak intensity at B’
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Table 1. B2* 1s2I2) state properties. Ag a=total radiative, Auger decay rates, r=lifetime,
AE=natural width, {E=fine structure shift from the level of lowest J, E ,=Auger electron
energy. Numbers in brackets indicate the power of 10 by which the entry is to be multiplied.

State I Ag A, N AE 6E Ea
' (sec™) (sec™) (sec) (meYV) (meV) (eV)
1s2s? 28 1/2 1.08[-14]* 62.2h 0.0 154.84F
1s2s2p ‘P = 1/2  2.05[5]°  1.44[8]°  6.94[-9]° 9.48[-5]° 0.0 156.84°
: 3/2 4.87[5]°  5.48[7]°  1.81]-8]° 3.84[-5]° -0.78° "
5/2 =~0.0" 3.37[6]°  2.97[-7]° 2.22[-8]°  4.31° "
1s(2s2p *P)?P  1/2  2.78[11]* 8.15[12]* 1.58[-13)* 4.2 . 0.0 161.02°
- 3/2 " " " 5.001) "
1s2p? 1P 1/2 4.54[8]9  3.20[8]¢  2.19[-9]¢ 3.01[-4¢ 0.0  163.93¢
3/2 " 207[7)¢ - 21094 3.13[-4]¢  3.848 "
5/2 " 2.33(8]9  1.45[-9]¢ 4.54[-4]¢  4.928 "
1s[2s2p 'P]?P 1/2  3.24[10]* 4.85[13]> 2.15[-14]* 30.6* 0.0 163.89°
3/2 " " T " . _1.40]) w o
1s2p? 2D 3/2 1.28[11]> 6.39[13]> 1.56[-14]> 42.2° 0.0  1886.15°
5/2 . " . " " ] " -6.87b " R
1s(2p? PP 1/2  4.3)11) | . 00  167.08
3/2 " ’ . 4.21' "
1s2p? 28 1/2 1.23[11]*>  1.03[13)> 9.59[-14]*  6.9° 0.0 170.969

*This level may decay by magnetic quadrupole radiation to 1s22s, but the rate is insigniﬁcant
for low Z ions. .
a=Ref. [4], b=Ref. [5], c=Ref. [6], d=Ref. [7], e=Ref. [8], f=Ref. [0], g=Ref. [10], h=Ref. [11]
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Table 2. C3t 1s212l' state properties. Ap s=total radiative, Auger decay rates, 7=lifetime,
AE=natural width, E=fine structure shift from the level of lowest J, E ,=Auger electron
energy. Numbers in brackets indicate the power of 10 by which the entry is to be multiplied.

State . J Al © Aauger T AE -~ . E Euger

(sec™) (sec™) (sec) (meV) (meV) (V)
1s2s? 28 1/2 2.91[10]° 7.48[13]° 1.34[-13]° . 49.1° 0.0  228.8%

1s2s2p 1 - 1.57[6 3.31 3.01[-9 2.2[-4] 0.0 229.3
2 4P 2 7 b 8 b b b b
- 3/2 3.83[6]>  1.08[8]> - 9.11-9]®  7.2[-5)> 0.5 "

5/2 ~0.0" 8.77(8]> 1.14[-7]®>  5.8[-6]> 12.2f
1s[2s2p *P]?P  1/2 6.88[11]¢ 6.37[12]¢ 1.42[-13]¢ 46¢ = 0.0 235.2°
. 3/2 " " ' N " n» 12.4d "

1s2p? P 1/2 5.89[8]°  2.40[8]° - 1.89[-9]° 3.9[-4]° 0.0  238.5°

3/2 5.92[8]°  1.94[7]°  1.84[-9]° - 4.0[-4]° 9.4 "

‘5/2  5.93[8]°  90.18[8]°  6.82[-10]°  9.9[-4]°  14.4f "

1s{2s2p 'P}*P .1/2 6.86[10]¢ 5.53[13]°> 1.81[-14]> 36.4° 0.0 238.7°
3/2 " "o " ) "o -1-3@ ) "
1s2p? D 3/2 3.57[11)¢ 7.97[138]¢ 1.25[-14]¢ 52.7¢ 0.0 241.8°
. 5/2 " " " " i 13.7d " ‘
1s2p? P 1/2 8.68[11]° 4.91[8]° 1.15[-12]°  0.57° 0.0 242.9°
3/2 " 9.80[9]°  1.14[-12]°*  0.58° = 17.9° "
1s2p? %S 1/2 . 2.55[11]° 1.82[13]° 5.42[-14]° 12.1° 0.0 247.9°

*This level may decay by magnetic quadrupole radiation to 1s?2s but the rate is insignificant
in low Z ions. '
a=Ref. [12], b=Ref. [8], c=Ref. [7], d=Ref. [13], e=Ref. [14], f=Ref. [15]
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Table 3. 0y /0g, anisotropy coefficients, Ay, and Mj substate fractiohs, fML. Quantities in

parenthesis are the experimental uncertainties in the last digit quoted (one standard devia-
tion). '

Ion(State) v(au) oL/0s A, Ay £, fy fo
C3(D)  0.50 3.66(11) 0.32(8) -0.82(9)  0.101(17) 0.342(31) 0.108(17)
0.41  2.98(2) 0.33(1) -0.67(2)  .0.132(3)  0.322(5)  0.112(5)
0.36 2.40(8) - 0.35(5) -0.40(7) 0.191(14) 0.288(17) 0.117(15)
0.29  1.31(4) 0.60(8) 0.19(12)  0.357(27) 0.235(20) 0.087(18)
0.22  0.81(3) 0.48(12) 0.30(15)  0.354(34) 0.208(25) 0.115(25)
C3+(Py,) 0.50 7.90(25)  -0.28(5) _ 0.241(16)  0.380(8)
0.41  5.08(8) -0.20(3) 0.267(9)  0.367(4)
0.36  3.19(9)  -0.17(5) ©0.277(17) 0.381(8)
0.29  1.09(5) . 0.12(10) 0.373(32) = 0.313(186)

0.22  0.31(2) 0.27(17) | 0.423(57) 0.288(29)

B2f(D)  0.47 0.649(15)  0.402(48)  0.154(69) 0.311(14) 0.220(12) 0.125(11)
0.38 0.399(9)  0.451(48)  0.292(88) 0.349(15) 0.206(11)- 0.120(11)
0.33  0.354(15)  0.170(82)  0.48(12)  0.329(27) 0.153(21) 0.182(21)
0.25 0.326(16) -0.185(95) 0.43(13) - 0.249(26) 0.124(25) 0.251(26)

B>(P,)  0.47 0.899(18)  0.481(40) _, 0.494(13) 0.253(7)
. 0.38  0.842(15)  0.851(51) 0.550(17) 0.225(9)
0.33  0.444(17)  0.576(84) © 0.525(28) 0.237(14)

0.25 0.286(7) .  0.389(63) 0.463(21) 0.269(10)
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Figure Captions.

Figure 1. Plan view of the joint LBL/LLNL atomic physics facilities and the ECR ion

source located at the LBL 88-inch Cyeclotron.

Figure 2. Sketch of the rotatable parallel plate electron spectrometer and gas jet target

assembly used in this work.

Figure 3. The Auger spectrum obtained at a laboratory angle of _160°.showing vlli_nes
fr'ofn the deéay of: B2+ 152121 levels forméd by double electron capture from He by B4t
ions at a collision energy of 40 keV. The energy ’vscale ‘and the intensities have been
transformed to the emitter frame. The lines are asymmetric gaussian curves fit to the

data.

Figure 4. Auger lines from the decay of C3* 152121’ levels populated by double capture
from He atoms by 50keV C°* jons. The laboratory angle was 160° and the energy scale
“and intensities have been transformed to the emitter frame. The lines are gaussian

curves fit to the data.

Figure 5. Anisotropy in th.e intensity of Auger emission from the Py level of (a) B**,
and (b) Cs“;;' resulting from double el_ectfon capture by B** and C°" ions from He at
four, and five collision Velobities, Il'espectively'. The curves are fits to the data of the
function‘W(@), (see Eq. (I11.2)). The fits yield the anisotropy parameter A, at each:velbo-

city.

Figure 6. Anisotropy in the intensity of Auger emission from the D level of (a) B%t,.
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and (b) C%*, resulting from double electron capture by B** and C** ions from He at
four and five collision velocities, respectively. The curves are fits to the data of the func-

tion W(6), Eq. (IIL.2); the fits yield the anisotropy parameters, A, and A,.

Figure 7. Residuals from the fit of W() to the C3* P, anisotropy data at. 50 keV
(v=0.41 au) collision energy. A small forward/backward asymmetry is evident; see text |

for discussion.

Figure 8. Results for the B4+,He system. (a) shows the L-state population fractions; (b)

and (c¢) show the Py and and D state magnetic sublevel fractions, fa, versus collision
velocity. The long dashed lines are results of calculations by Fritsch and Lin [24], and

v : _ \
the short dashed lines are those by Hansen and Taulbjerg [26].

Figure 9. Results for the C°*+,He system. (a) shows the L-state population fractions; (b)
and (c) show the Py, and and D state magnetic sublevel fractions, fyy, versus collision
velocity. The dashed lines are results of calculations by Hansen and Taulbjerg, [26] in

(2),(b), and [25] in (c).

Figure 10. Velocity variation of the total cross section for producing all %L levels of the
C3* 15212V configuration and the partial cross sections for each 2L level by double cap-

ture of C°* ions from He atoms.

Figure 11. Comparison of the charge cloud shapes, rotationally averaged about the
beam direction (arrow), for the 1s2p? 2D states of B2+ (left) and C3+ (right) formed by

double capture from He atoms by B*t and C®*. The dashed shape at the bottom is that



28

expected in the limit of zero velocity collisions where only ¥ states may be populated.

Figure 12. Velocity variation of the deviation, Ap, of. the C3* D state Auger intensity
observed at 0° and 50° laboratory viewing angleé from that expected for equally pdpu—
lated sublevgls (isotropic emitter). The pdints at zero velocity follow from the coﬁdition
that only M;=0 (laboratory frame) would be i)opulated in this limit. The oﬁher points

are from the measurements.
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