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Behaviors of Excitation Cross Sections in the Intermediate Velocity Regime on lon-Atom Collisions
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We studied the behaviors of excitation cross sections and electron capture cross sections as functions of collision velocity
using previous data of various collision systems. The structures peculiar to the intermediate velocity regime were recognized
on the excitation cross sections. Close correlation of the excitation cross section to the electron capture cross section and a
relaxation time longer than that for the electron capture process characterize the excitation process in the intermediate velocity
regime. A model consisting of a two-step electron transfer process well explains the characteristics of the excitation cross
sections in the intermediate velocity regime.
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1. Introduction 2. Characteristics of the Excitation Functions in the In-

It is well known that a Born approximation is can be ap-  €rmediate Velocity Regime

plied to the calculation of the excitation cross sections in the The intermediate velocity regime of ion-atom collisions
velocity range near the high-velocity limit of a direct exci-usually indicates the velocity range where the orbit velocity
tation process of ion-atom collisions. The results obtaineaf an active electron of a target atom is nearly equal to the
by a distorted wave method also are in good agreement wigklocity of an incident ion. From a different standpoint, we
the experimental results for comparatively high-velocity colean consider the intermediate velocity regime as the velocity
lisions. The distorted wave method, however, is not effectivenge in which the duration of the interaction is too long to
for the low-velocity side of the direct excitation range, andreat the interaction as a perturbative dh&Ve also consider
sometimes fails to explain the complex structure appearingihe duration to be too short for the collision system to form
this velocity range or in the range of a slightly lower velocitya quasi-molecular state; an active electron does not complete
A close-coupling method based on atomic or molecular wavts orbit in the duration of the collisional interaction in the
functions is often used to explain the structure appearing intermediate velocity regime.
this velocity range. Many basis functions and an enormous Figure 1(a) shows the excitation functions of the H&(3
number of calculations are needed to adequately describe teeel in the H—He collisions:® The excitation functions of
functions of the excitation cross sections against collision vétet impact'® and e impacP) are also shown in the figure.
locity (excitation functions) using this method. In the case of a helium atom target, the intermediate velocity
The complex behavior as a function of collision velocity irregime is about 1-% 10° m/s (ref. 1). The structure;Pon
the velocity region mentioned above is quite different fronthe excitation function of M impact, the maximum of which
the behavior of the excitation cross section generated by tilsedesignated by the arrow Foverlaps the structures of He
direct excitation process. The excitation process producirad € impacts and all the structures show nearly the same de-
the complex structure, moreover, is different from the quaspendence on collision velocity. This means that the excitation
molecular interaction in the low velocity regime. We considemechanism producing the; Btructure does not depend on
the velocity range where this excitation process is effective the constitution of the impacting charged particle. Therefore,
be the intermediate velocity regime (refer to §2). we assign the process of direct excitation in the high velocity
Systematic studies on HeHe collisiond) showed a close regime as the origin of theyRtructure. (The cross sections of
correlation between the excitation cross sections and tke&ectron impact in the velocity region below the peak p&Re
electron capture cross sections in the intermediate velocgynall in comparison with the cross sections of heavy-particle
regime. Thus we proposed a model of excitation consisting ohpacts. This is due to the difference in the incident parti-
an electron exchange process for intermediate velocity-He cle masses. In the intermediate velocity regime, the incident
He collisions. energy of the electron is small, comparable to the excitation
In this work, we studied the characteristics of the structuremnergy of the He(®) level. Most of the incident energy is
in the intermediate velocity regime for various collision sysexpended as excitation energy and the effective collision ve-
tems of H"—He, H"'—Na, He"—He and H—H. The structures locity becomes much smaller than the incident velocity.)
of the excitation functions peculiar to the intermediate veloc- We see another structure Bn the excitation function of
ity regime were also recognized. Based on the characteristibe H" impact. We do not observe any appreciable structure
observed for the excitation and electron capture cross sectianshe low velocity regime because there is no quasi-molecular
in the intermediate velocity regime, we proposed an excitaticgstate of the Fi—He system that leads to the H&¢3 level ex-
model consisting of a two-step electron transfer process, aaitiation. Based on these results, we infer that thetRicture
examined the phenomenological validity of the model. Wheis peculiar to the intermediate velocity regime.
a satisfactory model is obtained for the analysis of the excita- Next we search for the structures which correspond to the
tion functions, it may suggest a simplified method of calculaf, peak of H—He collisions on excitation functions of other
ing the excitation cross sections in the intermediate velocigollision systems. The excitation functions of the Na(3p)
regime. level for H'—Na and e—Na collisions are shown in Fig.
2(a)® " The structure designated by the arrowdd the ex-
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Fig. 1. Excitation cross sections of the HE3 level and electron capture Fig, 2. Excitation cross sections of the Na(3p) level and electron capture
cross sections in the'HHe collisions. (a) Excitation cross sections of the cross sections in the H#Na collisions. (a) Excitation cross sections of

He(3'P) level for H", He', and & impacts. H : solid circles}) half-solid the Na(3p) level for B and & impacts. H: solid circles? half-solid
circles? He': crossed) e™: small solid circles) (b) Total electron  circles? e~: small solid circle) (b) Electron capture cross sections in
capture cross sections in the"HHe collisions. Solid circle$ half-solid the H"—Na collisions. Total electron capture: solid circlealf-solid
circles1® circles!”) Capture to the H(2p) level: open circl&8.

citation function of proton impact agrees with the profile ofevel for H" impact®1? and e impact® The figure also
electron impact, and we consider the structure to be a proitcludes the electron capture cross sections of the H(2p) level
uct of the direct excitation process. Another peak,dstin-  for the H—H collisions*® For H*—H collisions, the velocity
guished from the structure of direct excitation, is observed iregion of about 04—2x 10f m/s corresponds to the intermedi-
the intermediate velocity regime in Fig. 2(a), similar to seeate velocity regimé& On the high-velocity side of Fig. 4(a),
in Fig. 1(a). the excitation cross sections for both ldnd e impacts show
The excitation function of the HetB) level extended to the nearly the same dependence on collision velocity, and thus we
low velocity regimet# and the electron capture cross secidentify the structure as;Pproduced by the direct excitation
tions of the He(3P) leveP for He*—He collisions are shown process. With a decrease of the collision velocity, the second
in Fig. 3(a). We observe the structure corresponding to theeak B appears on the excitation function, following the in-
peak B in the intermediate velocity regime on the excitatiorcrease of the electron capture cross sections. The profile of
function. The profile of peak Presembles that of the first peak B is almost the same as that of the velocity dependence
peak of the electron capture cross section, however, the entifethe electron capture cross sections. The behaviors of the
profile of peak R shifts toward the low-velocity side in com- excitation function and the electron capture cross sections of
parison with the structure of the electron capture cross sdbe Hh = 2) levels in the low velocity regime are discussed
tion. We assume, therefore, that the relaxation time requir@u82.1 of ref. 2.
to excite an electron is longer than that required to capture the o o
electron at the excited level. For HeHe collisions, a chan- 3: Model for the Excitation Mechanism in the Interme-
nel of the quasi-molecular state that tends to the HeY&vel diate Velocity Regime
at the separated limit of the internuclear dist&hpeoducesa  The experimental results described in §2 suggest the ex-
considerably large excitation cross section or electron captuistence of a structure peculiar to the intermediate velocity
cross section in the low velocity regime. There exists an anegime of the excitation function. Close correlation is rec-
tiphase oscillation between the excitation and electron capturgnized between the structure and the velocity dependence
cross sections due to by the phase-interference éffect. of the electron capture cross section; the profile of the struc-
Figure 4(a) shows the excitation functions of the H(2pdure closely resembles the behavior of the electron capture
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Fig. 3. Excitation and electron capture cross sections of thelifg(@vel
and electron capture cross sections in the Hee collisions. (a) Excita-
tion and electron capture cross sections of the He3evel. Excitation
cross sections: solid circléscrossed) Electron capture cross sections:
open circle) (b) Total electron capture cross sections. Open cifdes,
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Fig. 4. Excitation and electron capture cross sections of the H(2p) level and

electron capture cross sections in the-+HH collisions. (a) Excitation cross
sections of the H(2p) level for Hand e impacts. H: solid circles!?
half-solid circlest? e~: small solid circled® Electron capture cross
sections of the H(2p) level: open circl¥8. (b) Total electron capture
cross sections in the H-Hcollisions. Solid circle$®) open circle$?

triangles?®

cross section of the same level but the excitation process re-
quires a relaxation time longer than that for electron capturand singlet-level excitation suggests that an excitation mecha-
There are more details of the correlation between the excitaism similar to electron exchange is effective in the intermedi-
tion cross section and the electron capture cross section in e velocity collisions. This, along with the above-mentioned
intermediate velocity regime of He-He collisionst
i) The maximum value of the electron capture cross sesists of a two-step electron transfer process, as follows:

characteristics, leads us to a model of excitation which con-

iii) Among the electron capture cross sections of the

Triplet-level excitation always accompanies an electron ex-
change? The same behavior for both triplet-level excitation

tion is larger than that of the excitation cross section of
the same level. In the low velocity regime, the excita-

tion cross section is generally larger than the elelctrofhe state M(int) is the intermediate state most effective for

_ Capture cross section. o generating the M level. We usually adopt the state with the
ii) The velocity at which the peak of the excitation crossighest production rate caused by the smallest change of in-
section appears is about 0.7 times that at which the pegtna| energy at an electron transfer. Every excitation process
of the electron capture cross section of the same levg} the examples described in §2 is considered consisting of a
appears. two-step electron tranfer process, as follows.

Case 1: H + He— H* + He(3'P) in Fig. 1(a),

M1+—|—M2 — Ml(int)—l—Mf — M1+—|—M2*.
step 1 step 2

He(3"3S,P,D) levels, the peak of the H&€B) level is 1
observed in the highest velocity region and the peaks of 1-1 H™+He(1'S) > H(1s)+He (1),

the He(3-3P) and He(33D) levels follow. This order of 1-2 H(1s)+Hé€ (1s)—> H*+He(3'P).

peak appearance for the electron capture cross section€ase 2: H + Na(3s)— H* + Na(3p) in Fig. 2(a),
agrees with that for the excitation cross sections, butis 2.1 Hr+Na(3s)— H(n=2)+Na",

quite different from the order of peak appearance for the 2-2 H(n = 2)+Na" — H++Na(3p).

excitation cross sections generated by the direct excita- ) n -
tion process in the high velocity regime. Case 3: He + He— He" + He(3'P) in Fig. 3(a),

3-1 Het(1s)+He(1S) — He(1)+Het(1s),
3-2 He(18)+Het(1s)— Het(1s)+He(3P).
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Case 4: H + H — H* + H(2p) in Fig. 4(a), in cases 1 and 2 reflect the dependence of the first step pro-
1L HO9HGS)~ HOger e e e et e
4-2 H(1s)+H — H*+H(2p). p PP ! profi

. the excitation function in the intermediate velocity regime.
In our model, there are two factors which affect the be- yTeg

havior of the excitation cross section of,M one is the de- 4. Conclusion
pendence of the step 1 process on collision velocity and the
other is that of the step 2 process. The profile of the excitati
function of My* is determined by the product of the transitio
probabilities of the two processes.

The range of the intermediate velocity regime is deter-
Mined mainly by the velocity of a valence electron of a target
Matom. Also, the interaction radius of electron capture of the
. incident ion may affect the velocity range where an interac-
- 15,16) H+_ . . . . . L - .
One-electron capture cross sections dt-He; H tion peculiar to intermediate velocity collisions is effective.

7,17,18) | 19-22) __H23-25) ici . R . . . .
Na, He™—He, and H-H collisions are The structure in the intermediate velocity regime, in many

shown in Figs. 1(b), 2(b), 3(b) and 4(b), respectively. ThSases, overlaps the structure produced by the direct excita-

?omlnant c?mtponentstofthef?hovzellectron ce;ptulf'e clrgss SE6n process in the high velocity regime and is often regarded
ions are electron capture at the H(1s)nHe 2), He(1s) to be a fine structrure of direct excitation, making the repro-

and H(ls) levels, respectwe}y. Thus, we can reggrd the d(?ﬂction of the experimental results by theoretical calculations
pendences of the cross sections on collision velocity found

. Vory difficult.
g'g{s' 15?’12“))’ 3(b2. anld 4(b) as those of processes 1-1, 2'1'In our previous paper on He-He collisionsY we reported
- and 4-1, respectively. the structure of the excitation function peculiar to the inter-

OFediate velocity regime and discussed the characteristics of
; +
section of the H(1s)+Hg(s) —~ H*+He(3P) process and, the intermediate velocity collisions. In this work, the behav-

hence, the dependence of process 1_2 on collision V_EIOC'ty'Jﬁs of the excitation functions in the intermediate velocity
not clear. Rapid decrease of the excitation cross section of egime were studied for other collision systems. The struc-
He(3'P) level on the low-velocity side of pealg i Fig. 1(a) tures peculiar to the intermediate velocity regime were also

agrees with the bghavpr of the elgctrgn capture Cross SeCtfing for these collision systems. Most of the characteristics
in the same velocity region shown in Fig. 1(b), W.h'.Ch IS nea.rlyecognized in the He-He system were also observed in other
equal to the dependence of process 1-1 on collision VEIOCIl¥:ollision systems, even the one-active-electron system.

We have also no ohserved data for process 2-2. Proces%lose correlation between the excitation cross section and

2-2 is a sum of electron capture from the H(2s), BiZand . o octron capture cross section and a relaxation time longer

H(2.p#1) Ievels_ and it may show a complex dependence M an that for the electron capture process characterize the ex-
collision velocity. We assume that the decrease of the excit

tion funci the | locity side of P Fig. 2 tation process in the intermediate velocity regime. In order
lon function on the low-velocity side of pealg i9. 2() to ﬁxplain the observed characteristics, we proposed a model

reflects the decrease of the _elec_t fon capture cross _SECtiOQ:8 sisting of a two-step electron transfer process between an
process 2-1 on the low-velocity side .Of the peakin F'g'.z(b)incident ion and a target atom, instead of the previous model
Ca_lses 3 "?‘”d 4 represent the excitation processes in sy nsisting of an electron exchange procesBy considering
metric C?"'f]"on systehms and processesl 3;} and 4-1 a;reh © behavior of the cross section of an individual electron-
resonant charge excnange processes. in the resonant Chgifecq process in the model, we found that the structure of

e_xchangt_a Process, t_he var|at|_on_of electron c_apture_ CrOSS S excitation function reflects the behaviors of the electron
tion relative to collision velocity is moderate in the interme-

) . . X ) .~ capture cross sections concerned. We assume that a process,
diate velocity regime as well as in the low velocity regime

: such as electron transfer from one nucleus to another, is im-

Itis expected that the electron capture process at the ;te c;rtant in the excitation process of the intermediate velocity

process of 3-1 or 4-1 produces no appreciable structure int Silisions.

profile of the excitation function of the target atom. The elec-

tron capture cross sections of processes 3-2 and 4-2 are shown
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