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Charge transfer in collisions of C* ions with H atoms at low-keV energies:
A possible bound state of CH*
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Electron capture in € +H collisions is studied theoretically by using a semiclassical molecular represen-
tation with nine molecular states for the doublet manifold at collision energies above 10 e\AbTihdio
potential curves and nonadiabatic coupling matrix elements for th& Glstem are obtained from the mul-
tireference single- and double-excitation configuration interaction method. The adiabatic potential curves show
no bound state for the 43 * state, but a very shallow well in the?%* potential, suggesting a possibility of
a bound state of CH. The corresponding total and partial cross sections for charge transfer are found to be
in a reasonable agreement with experiment in shape, but the present magnitude is found to be larger by nearly
a factor of 2 at the high-energy er&1050-294{©8)09606-1

PACS numbdis): 34.10+X, 34.70+e, 34.20-b

[. INTRODUCTION perimental uncertainty with measured values by Phaliguf
At higher collision energies, Eichleet al. [8] calculated
Knowledge of charge transfer from heavy atoms of thecharge-transfer cross sections of the above process for colli-
first row in the periodic table in ion-atom collisions is neededsion energies from 40 to 1000 keV by using the
in designing and operating controlled thermonuclear fusiorOppenheimer-Brinkman-Kramers approximation and found
devices based on confined hot plasma. They are also impogood agreement with the experimental data at higher ener-
tant in modeling the ionic structure of interstellar media.gies reported by Goffet al. [9].
Steigman[1] suggested that the observed large disparity in On the experimental side, measurements were carried out
abundance betweerfCand C' ions in certain regions of the in the range of 41.7 eV to 175 ke\,9-11. Tawaraet al.
interstellar mediuni2] might be due to rapid charge-transfer [12] compiled the measured cross sections, and by using the

reactions, i.e., procedure based on the Chebyshev fitting, combining the ex-
perimental and theoretical results, Jaméal. [13] tabulated
C*+H(*S)—C*(*D)+H" (1a  cross sections for the 1-210° eV energy region. However,
to the best of our knowledge, no charge-transfer calculations
—C*(?P)+H". (1b) based on rigorousab initio studies for the process

C?**+H(2S)—C*+H" have been carried out in the low-keV
However, McCarroll and Valirofi3] estimated the transi- region of energy.

tion probability on the basis of the Landau-Zener formula to In this paper, we perform a study of charge transfer in the
be of the order of 10° for thermal collisions and concluded above process by using a molecular orbitdl0) expansion
the_lt _the above reaction is gnlikely to be.of im_portance as amnethod within a semiclassical framework and have exam-
effICIQnt means of converting®C to C* ions in an &_ISt_rO- ined the final distribution of € ionic states. Furthermore,
physical environment. Butleet al. [4] studied radiative there has been some experimental controversy as to the ex-
charge-transfer processes below 100 000 K, and found thadtence of a bound state of the €Hion [14], and our high-

the rate coefficient shows a weak temperature dependenggecisionab initio calculations are expected to shed some
and varies from 15810 cm¥s at 10 K to 2.44 |ight on this long-standing problem.

X 10~ 1* cm’/s at 100 000 K. Butleet al.[5] also calculated

the capture cross section by using a quantum-mechanical
method to obtain the rate coefficient at temperatures below
5x10* K and found that the process is slow with a rate The present approach employed is the semiclassical im-
coefficient of the order of less than 18 cm?/s. Heiletal.  pact parameter method based on a molecular orbital expan-
[6] calculated the capture cross section below a collision ension. This method has been applied successfully to many
ergy of 8.1 eV by using a full quantal approach with the systems, and details are given elsewHéafs. Therefore, we
three lowest?S " molecular states. They found that their provide only a brief summary here with some relevant infor-
calculated charge-transfer cross sections agree within the eriation specifically needed for the present study.

II. THEORETICAL MODEL
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TABLE I. Number of reference configurationd,.;, and number -36.5
of roots, Ny, treated in each irreducible representation and the
corresponding number of generatetl,{) and selected Nge)
symmetry-adapted functions for a threshold of A8 ®)E,, at an -36.7 |
internuclear distance of 2a9.

-36.9
State Nref/Nroot Ntot Nsel r

2p, 82/7 497 401 12 015
B, 38/4 331611 7716
A, 29/3 286 539 6487

-37.1

Potential energy (a.u.)

-37.3

ctép) + H*

A. Molecular states and couplings

-37.5
The adiabatic potential curves of EHare obtained by 0 4 8 B2 16 20

employing theab initio multireference single- and double- R(au)

excitation configuration interactiotMRD-CI) method|[16],

with configuration selection at a selection threshold of (1.5 FIG. 1. Ten lowest adiabatic potentials of the doublet*CH

x 10 ®)E, (energy in hartreésand energy extrapolation us- System. The solid line repre_serﬁ§ states, the dashed line fbf

ing the Table CI algorithni17]. All electrons, not only the states, arld the dot-dashed Iln_e fostates. The Iong-_dashed line is_

valence ones, are included in the present CI calculation. Tht%)r the_E state. Corresponding asymptotic atomic states are in-

nonadiabatic coupling elements are calculated by using 3Uded in the figure.

finite-difference methodl18]. In the calculation, the,p ba-

sis set that we use for carbon atom is similar to the “basis s

F” in Ref. [19] except that the most diffuge function with

exponent 0.008 has been deleted. Together with ttiraed

onef polarization function$20], the final basis set for car-

bon atom is (188p3d1f ), contracted t¢8s6p3d1lf]. The A. Possible presence of a bound state of CHi

(10s4pld)/[6s4pld] contracted basis set of RdR21] is

used for the hydrogen atom. Further details of abrrinitio

MRD-CI calculations are listed in Table I.

§ross sections in the present calculation. A detailed discus-
sion of these states is given below.

Ill. RESULTS

The calculated adiabatic potentials are shown in Fig. 1
[and also Figs. @) and Zb) for limited R regions where the
potential minima are observeédrom the lowest level to a
o _ few excited manifolds, and the numerical results for the

B. Collision dynamics 125" and 223 * states are given in Table Il. Wetzet al.

A semiclassical MO expansion method with a straight-[14] performed experimental measurements, in combination
line trajectory of the incident ion was employed to study thewith ab initio electronic structure calculations, in order to
collision dynamics below 1 keV15]. In this approach, the €xamine the possibility of forming a bound state in TH
relative motion of heavy particles is treated classically, whileions. Their attempt was designed to detect long-lived® CH
electronic motion is treated quantum mechanically. The totain multiple-electron impact ionization processes, but did not
scattering wave function was expanded in terms of productind any evidence for the existence of stable “CHons.
of a molecular electronic state and atomic-type electron heir computation also supports the measurement suggesting
translation factoréETF’s), in which the inclusion of the ETF  that all ground and excited states of the CHon are repul-
satisfies the correct scattering boundary condition. Substitusive and, hence, that no long-lived bound state exists. Our
ing the total wave function into the time-dependent Sehro high-precision MRD-CI calculation also indicates that there
dinger equation and retaining the ETF correction up to firsis no minimum in the 1% * state of CH* at anyR region.
order in the relative velocity between the collision partners,There is a minimum which is located at abdi6.0a, for
we obtain a set of first-order coupled equations in time the 2237 potential, however, with a depth of about 0.14 eV
Transitions between the molecular states are driven by non&ased on the present calculated potential. A few vibrational
diabatic couplings. By solving the coupled equationslevels can be held by this potential well. The curve of the
numerically, we obtain the scattering amplitudes for2 23" state of CH" is found to be very flat in the region
transitions: the square of the amplitude gives the transitiomear the minimum, and the lowest level lies only about
probability, and integration of the probability over the impact 180 cmi* higher.
parameter gives the cross section. Up to nine molecular This is understandable since in the region fromag.®
states are included in the dynamical calculations as showh9.0a,, the 225" state corresponds asymptotically to the
in Fig. 1, separating t§H+C?"(1S)](3 22 ") as the ini- C?'ion and H atom. At such large internuclear distances, the
tial channel and [H™+C'(®P)](12%7,32II), [HT interaction between the“C ion and H atom is mainly attrac-
+C*(?9)1(4 2 1), [HT+CT(?D)](2 22,2 211,1 2A) and tive due to the long-range polarization interaction. It is also
[HT+C"(?P)](1 22,1 2I1) for charge-transfer channels. found that the widthginverse of the lifetimgof the first and
In this energy range, the contribution from thestate is second vibrational levels of the 2. * state are in the order
normally expected to be weak, but it was included in addi-of only 10 7 and 10 ® cm™?, respectively, so that the pre-
tion to some higher levels to check the convergence of thelissociation of the 23 * state via 123" is highly unlikely.
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TABLE Il. Numerical data of adiabatic potentials foP:* and
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2 23" states around minimum locations.

123+ 2257

R (a.u) Energy(a.u) R (a.u) Energy(a.u)
1.00 —36.31131 3.00 —36.901 19
1.20 —36.724 15 3.05 —36.904 10
1.30 —36.851 53 3.10 —36.907 19
1.40 —36.944 91 3.15 —36.910 48
1.50 —37.01333 3.20 —36.913 97
1.60 —37.063 34 3.25 —36.917 64
1.70 —37.099 80 3.30 —36.921 53
1.80 —37.126 21 3.35 —36.925 59
1.90 —37.145 20 3.40 —36.929 77
2.05 —37.16391 3.60 —36.946 99
2.20 —37.174 89 3.80 —36.963 11
2.40 —37.182 49 4.00 —36.976 78
2.60 —-37.18571 4.05 —36.979 76
2.80 —37.186 99 4.10 —36.982 56
3.00 —37.187 52 4.15 —36.985 18
3.05 —37.187 66 4.20 —36.987 68
3.10 —37.187 81 4.25 —36.990 02
3.15 —37.187 93 4.30 —36.992 20
3.20 —37.188 09 4.35 —36.994 24
3.25 —37.188 23 4.45 —36.997 89
3.30 —37.188 42 4.50 —36.999 49
3.35 —37.188 69 4.55 —37.000 97
3.40 —37.189 00 4.60 —37.002 37
3.60 —37.190 55 4.80 —37.007 01
3.80 —37.192 83 5.00 —37.010 16
4.00 —37.19591 5.20 —37.012 23
4.05 —37.196 82 5.40 —37.013 48
4.10 —37.197 74 5.60 —37.014 28
4.15 —37.198 69 5.80 —37.014 60
4.20 —37.19972 6.00 —37.014 69
4.25 —37.200 73 6.50 —37.014 18
4.30 —37.201 80 7.00 —37.013 33
4.35 —37.20291 7.50 —37.012 59
4.40 —37.204 04 8.00 —37.011 87
4.45 —37.205 21 8.20 —37.01165
4.50 —37.206 38 8.40 —37.011 50
4.55 —37.207 54 8.60 —37.011 27
4.60 —37.208 79 8.80 —-37.011 17
4.80 —-37.21381 9.00 —37.01101
5.00 —37.21901 9.20 —37.010 89
5.20 —37.224 22 9.40 —37.01078
5.40 —37.229 39 9.60 —37.01061
5.60 —37.234 44 9.80 —37.01053
5.80 —37.23931 10.00 —37.010 45
6.00 —37.243 99

eV, respectively, which are consistent with our original re-
sult.

Wetzelet al. [14], on the contrary, have reported that no
such bound state of GHl was found. Our calculations are
believed to be more accurate than those of Wettdll,
however, and the mesh used in thie initio calculations of
Wetzelet al.[14] may have been too large to find this mini-
mum. Some experimental investigatiof2,23 have also
suggested the possibility of the existence of a bound state for
CH?*, but others have reported the contrfity,24). Similar
divergences among various theoretical res{id4,24,2%
also exist. Based on our calculations and the arguments
above, we feel there is a good chance that tH& 2 state of
CH?* should be a metastable state. It should be pointed out
that our present calculations are not specifically designed to
calculate accurate vibrational levels for such shallow states,
however, and so further detailed calculations for th&s2
state of CH™ with still higher accuracy would be needed to
carefully describe the spectroscopic constants for this state.

B. Charge-transfer dynamics from the ground C* ions

In the present study, we have carried out cross section
calculations by taking couplings of three stat@s?®s ™,
2 237", and 323 ™), four stategthree states plus 4I1), five
states(three states plus 4I1 and 22I1), seven stateffive
states plus A and 423 "), and nine stateg¢seven states
plus 123~ and 32II) into account(as shown in Fig. 1Lto
ensure the convergence of the result. We have found that the
present seven-state result converges reasonably well within a
few percent, and hence, our discussion below is mostly based
on the five- or seven-state calculation. Th& state contri-
bution is normally found to be weak in the energy region
studied, since the transition to tife\ state from the initial
incoming 323" state requires a change AfA=2, i.e., a
two-step process, wherk is the absolute value of the pro-
jection of angular momentum along the molecular axis.
However, in the present case this situation may be slightly
different since the?A state is nearly degenerate with the
223* and 221 states in the larg® region (see Fig. 1
which also couple strongly with the initial channel, and
hence a careful examination of the role of tha state is
desirable.

1. Adiabatic potentials

Five adiabatic potential curves which are dominant chan-
nels in the present calculations are displayed in Fig), 2and
the 123" and 223" potentials at smalR where they have
a minimum are illustrated in Fig.(B). Further, asymptotic
energy differences among states and corresponding
asymptotic atomic states are shown in Table Ill. There is a
strong avoided crossing between th82" and 323 * states
atR=19.4 a.u(with energy separatiorr8x 10" ° a.u), and
the corresponding potentials and coupling matrix elements

For a further check, we have carried out more elaborate calavolving the 223" and 323" states abruptly exchange
culations for the 23" state using the same basis set asplaces. There is also another moderate avoided crossing near
given above, but keeping thes brbital of carbon frozen. We R=3 a.u. between these states. The present outer crossing

have also calculated this state by using anotleerVvVQ2)
basis sef20] (1s orbital of carbon is again frozenin both

may be compared with the findings of earlier work by Mc-
Carroll and Valiron[3], who calculated the molecular adia-

cases, a possible error caused by the energy extrapolationlbigitic potentials by using a model potential approach for the
removed. The depths of the well obtained are 0.15 and 0.136 atomic core and found that the?Z* and 323" had an
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2 T g T

T T<1?z*| d/dR | 3724 >
LS T =TT <1zt d/dR | 2754 >

T <2?3% | didR | 3724

L b <1%M| d/dR | 2°T1>

-36.9
H+ C*(!s)
H* + C*(*D)

<371

Potentials (a.u.)

H' + C'(P) |

Radial coupling matrix elements (a.u.)

-37.5

R (a.u.)
(a) R (a.u.)

-36.9 T FIG. 3. Representative radial coupling matrix elements. The su-

perscriptd denotes “diabatic” states.

He (i) | involving the 223" and 323" states aiR<19.4 a.u. and
R>19.4 a.u. Note that the meaning of “diabatic” used here
is different from the one used for eliminating the first-order
derivatives with respect t® in the Schrdinger equation.
Now the incoming channel is &47. In the present calcu-
lation, we include only a limited number of states lying
higher than the 33" state, and therefore the cross section
for higher levels is considered as a reference. Hence we limit
ourselves to collision dynamics for low-keV energies.

-37

-37.1

Potentials (a.u.)

H' + C*¢P)

373 I ‘ . . . . . 2. Nonadiabatic coupling matrix elements

Representative radial and rotational coupling matrix ele-
ments among these dominant five states are shown in Figs. 3
and 4, respectively. In Fig. 3, we can see a sharp peak in the

FIG. 2. (a) Three®2™ and two Il molecular states of CH  radial coupling matrix element between the’2,* and
which were included in the present dynamical calculations. The3 22d+ states aR~3.2 a.u. where an avoided crossing oc-
open arrow indicates the position of the avoided crossing betweegurs. The rotational coupling matrix elements between
275" and 3’3" atR=19.4a.u(b) 1?3 and 2°3" potentials 2 23, ,* and 22II, and 22II and 12A approach a constant
near the region where they have a minimum. value beyondR~6 a.u. and so does the rotational coupling

matrix element between the?s* and 121 states because
avoided crossing at 18.3 a.u., and that of Hil. [6], who  of the degeneracy of states. From Figs. 2—4, we might expect
carried out Cl calculations for the adiabatic potentials ancan efficient flux mixing to occur among 2.4*, 3 234",
found crossings aR~3 and 24 a.u. However, Hedlt al. in 2 211, and 12A in a rather complex manner and also that a
their cross section calculation at low-eV energies assumettansition via the route of 334" —2 2[1—-2 23 ,* —2 ?I1
that the outermost avoided crossing had no effect on the-3 23,*, which eventually reduces charge transfer, is
reaction considered and treated it as such. In contrast to thdikely to proceed.
assumption, we assumed that thé2" and 323" poten- ,
tials cross aR=19.4 a.u. and constructed the so-called “di- 3. Total charge-transfer cross sections

abatic states” as 334" and 3234 by switching the po- In Fig. 5, charge-transfer cross sections for the protBss
tentials and corresponding coupling matrix elementsobtained by using the seven-state calculations are displayed

(b) R (a.n.)

TABLE lll. Doublet states and corresponding asymptotic energies as well as atomic designations.

Molecular states Asymptotic relative enerdi¢sm 1) Asymptotic atomic states
123%, 1211 0 H*+C*(25%2p:?P)
22357, 2200, 12A 74931 H +C*(2s2p?:2D)
323+ 86 980 H+C?*(25%:19)
423 96 494 H +C"(2s2p%29)
123,321 110 625 H +C*(2s2p?:2P)
5235 % 116 538 H +C"(2s%3s:29)

&The relative energies listed correspond to the differences between the Iblegsts of the upper and lower
electronic states.
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FIG. 4. Representative rotational coupling matrix elements. The
superscripd denotes ‘“diabatic” states.

together with experimental data of Tawaetal. [12] and
theoretical results from Hedt al.[6] for low energies. Also,
the Chebyshev curve fit to available experimental and theo-
retical results by Janest al.[13] is included for a reference.
Our semiclassical calculations show the overall trends in en-
ergy dependence, which agree well with experiment, al-
though the magnitude of the present cross sections is found
to be larger for all energies; the difference increases with
energy. The experiment claims an overall accuracy of 20% in
this energy ranggl3]. By way of comparison, for example,
the present calculation differs nearly by 50% at the highest
energy studied. At low energies, our result seems to tie in . )
well gv}\//ith the quantum—mecghanical result of Heslt al, FI?' f" Part'?' Chargef tran.Sfer cross sectionsapfl °x ' gnd
whose cross sections back up at much lower energy below %)) 2°%" and 271 by using five- and seven-state calculations.
eV. The small structures seen in the intermediate-energy re-
gion are due to a multichannel interference effect. cient, but they describe most of the essential dynamics rea-
The present results converge reasonably well with respestonably well. At low energies, all calculations using the dif-
to basis sets used in the calculation; the results of the seveferent basis sizes give nearly identical results. As the
state calculation are found to converge within 3% of thecollision energy increases, the agreement among different
nine-state calculation, and that of the five-state calculation ipasis sets becomes poorer, but again, seven- and nine-state

within 8% of the seven-state calculation at the highest energyalculations are regarded as converged. It may be worthwhile
studied. The three- and four-state calculations are not suffioting that the addition of the A state to the five-state

basis set is found to be rather important since tfe\ Istate

10" F

Partial cross sections (10'” cmz)

five-state

—— -seven-state

(2’2* + 2°I0) channel

107

(b)

102 10! 10°

E (keV/u)

mz)

Charge transfer cross sections a0 ¢

10'

10°

107"

T T
EC* + H collisions

T .ﬂ_'___l_. /Q,g\_%o T
;gooftmd’/ %o(’

o Tawaraet al.
& Heil et al.

— — Janev et al.

plays the role of a flux reservoir, and on the outgoing part of
the collision, it returns the flux back to the initial channel

through 22I1, hence resulting in a decrease of the cross
section.

4. Partial charge-transfer cross sections

In Figs. §a) and Gb), partial cross sections calculated by

ot b / i the five- and seven-state treatments are illustrated. As seen in
A five-state Fig. 6(a), the partial cross sections of?2,* (and 1°II, not
evenatate shown which correspond toH*+C*(2s?2p*)] do not
102 ) s ! o change significantly from five to sevénine) states, indicat-
10" 102 10° 10°

ing that these partial cross sections are not affected much by

E (ke V/u) inclusion of higher MQO’s. The partial cross sections of

223 % [H"+C*(2s'2p?:?D)] do not change in three- and
FIG. 5. Charge-transfer cross sections: solid line, seven-statfour-state calculations. However, in the five-state calculation,
result: dotted line, five-state result: triangle, Rf]. Experiment:  the partial cross section ofZ* is reduced considerably by
circle (Ref.[11]), dashed lingRef.[7]). inclusion of 2211, and the cross section of 21 is compa-
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TABLE IV. Rate coefficients for the charge-transfer reaction.

Rate coefficients (cffs)

TemperaturgK) Present Refl13] Ref. [5] Ref.[4]7
100 1.50x 10"
1000 1.23x10°
5000 1.0x10°%?
10 000 1.0x10°%? 1.71x10°
20 000 441012 1.5x10 12 1.35x10 %2
50 000 5.410° 2.3x107 % 1.49x10
100 000 2.X%10° 10 1.4x107 10 2.44x 10"
500 000 2.4 107° 2.0x 107°

dRadiative charge-transfer reaction rates. All other rates are for nonradiative charge transfer.

rable to that of 237; i.e., the flux is shared by both of nonradiative charge transfer, and hence the radiative pro-
degenerate states. Consequently, the total cross sectionsdess is considered to be unimportant above a few 1000 K.
the five-state calculation become larger than those of three-

and four-state calculations. In the five-state calculation, the

major contributing channel is 21 [H*+C"(2s'2p?)],

closely followed by the 23" [H"+C*"(2s!2p?)] state. IV. CONCLUSION
Consequently, at low-keV energies, the outgoing iBns
will be mostly C"(2s'2p?:2D). Once the 1°A state is We have calculated several adiabatic states of 'Chy

added to the five-state calculation, making it the seven-statesing a highly accurate Cl method. The presabht initio
calculation, it plays the role of a reservoir of the flux from calculations do not find any minimum in the?®* poten-

2 2I1 in the incoming part of the collision, and the flux re- tial, but do find a very shallow well a&&=6.0 a.u. for the
turns to the initial channel at the outgoing part of the colli-2 23 * state, suggesting that a bound electronic state might
sion through a two-step 4A—2?[1—3 257" transition,  exist. However, further, more accurate calculations as well as
thus reducing the magnitude of the charge-transfer cross seg-more elaborate experimental search for this electronic state
tion. Transitions to higher MO's, corresponding o1~ are desirable before making such a conclusion. Single-charge
and 3°I1 [H'+C"(2s'2p*?P)] states, are found to be transfer cross sections in collisions ot'Cions with H atoms
small within the model at the highest energy studied, but th§yere calculated at low-keV collision energies by using the
basis size we employed is not adequate to assess the magglmiclassical impact parameter method based on a molecular

tude of this cross section. Calculations by Hedlal. [6] at  ,ia) expansion with three, four, five, seven, and nine MO
energies below a few eV suggested that the outgoihgp@s states. The outgoing C ions are mostly of the

are in the C(2s?2p:2P) ground state at low energies, but ~+ 2.2
. . : ’ C"(2s2p~:“D) state. The present results show good overall
2.2
the C"(2s2p*:°D) product ions begin to dominate above 4 agreement in shape with experiment, but the magnitude is

found to be slightly larger. The corresponding rate coeffi-
cients are also in a reasonable agreement with other theories
obtained for astrophysical and fusion research. We also have
found that the contribution from the A state is important

for the flux redistribution, thus reducing the size of the
C. Rate coefficients charge-transfer cross section.

well on the very-low-energy side, it is justifiable to employ
three S " states for much lower energies.

The rate coefficients based on the present theory are pro-
vided in Table 1V along with those calculations based on the
cross sections by the fitting procedure of Jame¢wal. [13]
and by Butleret al. [5]. Also, we have included those for ACKNOWLEDGMENTS
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