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In this paper we have considered two-step radiative recombination chan-
nel over the existing spontaneous radiative recombination channel to ex-
plain the causes of experimentally obtained enhanced recombination rate at
sub-zero temperature. The existing recombination rate due to spontaneous
radiative recombination is 4 times smaller than the recent experimental data.
In the case of Ne!®t we obtain good agreement between theory and exper-
iment when contribution from two-step radiative recombination channel is
added to the spontaneous radiative recombination channel. Recombination
rate for Ar'®*t is calculated. The radjation spectrum given out by two-step
radiative recombination and spontaneous radiative recombination in the re-
combination rate processes are discrete spectrum and continuous spectrum,
respectively. Experimental identification of these two channels through the
spectral signatures is suggested.

PACS numbers; 32.70.Fw, 34.80.Kw

1. Introduction

Among the fundamental electron—ion interactions which occur in plasma[1, 2]
recombination at low energies still intrigues the physicists. Measurements per-
formed under most precise conditions yet achieved have constantly yielded ex-
perimental results 4 to 50 times above the existing theoretical expectations. No
convincing explanation of the enhanced rates exists. New experimental accesses
to the study of the radiative recombination (RR) have become available through
the use of heavy ion storage rings with electron coolers. The result of the high
resolution measurements of the RR rates for highly charged ions in the sub meV
region clearly exhibits the energy dependence of the deviation between existing .
RR theory and measured results.

*Mailing address: 370/1, N.S.C. Bose Road, Calcutta-700047, India.

(911)



912 S. Bhattacharyya, A. Roy

; \\

Radiative recombination is a significant ion loss mechamsm during electron
cooling of ions in a storage ring, where zero average 1elat1ye electron—ion velocity
is enforced, since its rate coefficient peaks at low electron-ion velocity. Thus the
detection of recombination is often used as a diagnostic tool for electron cooling, as
it reveals information about the CM energy distribution of electrons in the cooler
ring. The study of RR is also important to understand fundamental processes in
reactions of free electrons with ions, and diagnostics in astrophysical and fusion
plasmas.

Radiative recombination is defined as the capture of free electron e~ by an

1on of charge ¢ accompanied by a photon 7:
At 4e — A(q_1)+(n) +7, (1)

where n is the principal quantum number. The prototype RR process (1) with com-
pletely stripped projectiles must involve three particles since simultaneous conser-
vation of energy and momentum strictly precludes the formation of hydrogen like
atomic system without the presence of an external particle or field. This additional
particle is the photon, which carries off the excess energy in the case of RR.

The pioneering theoretical study of RR was carried out by Kramers [3] within
a semi-classical approach. The quantum mechanical first order perturbation the-
ory for the same problem was originally devised by Gordon [4] and subsequently
implemented by Stobbe [5]. Because of its simplicity, Kramers’ formula is still fre-

- quently used to calculate the RR cross section by applying a correcting Gaunt

factor, defined as a quantum mechanical Stobbe and semi-classical Kramers cross
sections. The initial recombination studies in merged beam single pass experiments
showed good agreement between RR theory by Kramers and experimental results.
However, in the storage ring experiments, deviations from theoretical RR predic-
tions by Kramers have been found for a highly charged ion. Below 10 meV the
measured rate coefficient for Nel®* is found higher by a factor of 4 as compared -
to the Kramers calculation [6].

In the present paper we have tried to view the phenomena of RR as due to
a combined effect of two distinct processes: spontaneous radiative recombination
(SRR) and two-step radiative recombination (TSRR). In the TSRR channel, first
theorized in Ref. [7] by one of the authors (SB), an emitted photon is rather
discrete. In the TSRR, channel recombination occurs in an intermediate excited
state which to conserve momentum emits a discrete photon and goes to a lower
state. In the SRR channel recombination may occur in any of the states and
the photon carries away the extra energy giving rise to a continuous spectrum.
Sums of the recombination rates from the two channels compare well with the
experimental enhanced results. The dominant interaction mechanism in the SRR
channel is a dipole interaction. The TSRR is a second order process where both the
Coulomb and the dipole interactions take part. We use field theory and Coulomb
gauge to calculate these processes. In the present paper we have calculated the
RR rate coefficients of bare Ne and Ar ions and compared the same with the
existing experimental rate coefficients of bare Ne ion for the CM energy range
0.01 meV to 0.1 eV. For energy range up to 1 meV the RR rate from the SRR
channel is greater than those from the TSRR channel (Figs. la, b). Above this .
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energy the SRR rate drops rapidly while the TSRR rate decreases slowly but is

always remaining greater than the SRR rate. Below 1 meV the sum of the SRR

and the TSRR rates are closer to the experimental results [8] but greater than the

calculated rate coeflicients based on the Kramers cross section. Above 1 meV the -
present calculation and Kramers results follow the experimental curve.

2. Theoretical formalism

The radiative recombination reactions under consideration for SRR and
TSRR, processes are, respectively:

At pem ATV (1) 14 | (2)
and

At pe=™ — AEDH(n 1) — AG=DF(15) + ho. (3)
To apply field theory in calculating the RR rate we assumed the bare nucleus as
an elementary particle and corresponding annihilation operator being taken as Bj.
We have already argued in our previous paper [9] that “the elementariness of a
particle is an energy dependent phenomenon”. Hadron that behaves as an elemen-
tary particle in quantum electrodynamics (QED) begins to show a structure with-
quark flavour in the quantum chromodynamics (QCD) domain. Eventually, a bare
nucleus, when subjected to energy far below its binding energy, will obey Fermi
statistics or Bose statistics depending on their resultant spin. Ne'%+ and Ar'8+ will
behave like Bose particles with integral spins. a,, Bi and C} are respectively the
annihilation operators for electron, nucleus, and photon with sufficed momenta.
The state vectors of the interacting systems for the initial state is

W) = exp(Eit/B)po(r)al BI |0). (4)
The intermediate state is _

1) = exp(Ert/R)gh(r)al; Bl | 0) (5)
“The final state vector containing an atom and a photon is given by

wr) = exp(Bet/R)pir (r)al, BL,C] } 0). 6)

e (r), the Coulomb distorted plane wave for the incident electron in the field of
nucleus is given by

¢C(T) = Fc(p) eXp(ip'I’), where Fc(p) = H 27‘:;;2‘2’ (7)

p is the relative momentum of the electron with respect to the target. 2%, (r) is
the bound state of the one-electron ion. The S-matrix of the two-body radiative

recombination is _
S=1+4H;+ Hy+ HiHy + HiHy + HyHs + higher order terms, (8)

Hj is the interaction Hamiltonian between electron and electromagnetic field, Ho

is the Coulomb interaction between electron and the bare ion
2
e e
Hi= —pA+-——A2% 9
! mcp + 2mc? 9)
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p is the momentum operator and A is the vector potential

A= Z 2mhc? g [ck exp(— 1La,)+c;[ exp ( lka,)] (10)

uy, is the polanzatlon vector andk is the photon momentum. For a single photon
emission the first term of Hy is considered. The Coulomb interaction Ha is given
by
H / :L)O’(ll, )d3 dB / (11)
|z — 2|
p(z) and o(x) are the charge densities for electron and nucleus, respectively,
p(z) = —ep(z)e*(2), (12)
o(z) = 2e0(2)O* (), (13)

@(z) and @(z) are the field operators for electron and nucleus, respectively,

o(z) = Z/ I'C_fCLI exp (isz)d’s,
I

O(z) = /Bj, exp(is'z)d3s’, (14)
- Kkt is the Pauli spinor for electron. The amplitude M for spontaneous radiative
recombination term is given by

Ms = (| Hi|th). (15)
The second order process TSRR has the amplitude Mt given by
(W | Hy |W1) (W1 | H o |#5)

Er—E; +ip '

Calculation for SRR and TSRR. cross sections is similar to those in the paper by
Bhattacharyya et al. [10].

Mt = (16)

2.1. SRR cross section

The amplitude for SRR after some calculation is obtained as
Ms=C (%) (hw) / i () (r)r sin 20d3r,
where C = (e/mc)y/27hc/w and @ is the angle between p and k. The quantities

p' and E' are the momentum and energy of the one-electron ion and €,; is the
corresponding binding energy. Flom the energy conservation £’ = U — hw, where

U=FE;+e¢ey.
For the capture into nl states the SRR cross section becomes
m2r [ ,d3k d3p/
S(E)) = —— [ 6(E; — Ep)|Ms|> ———.
o'nl( 1) |p| h ( 1 t)l SI (271')6

Since d3k = (w?/c3)dw sin dfdy and d3p = 47m+/2mE'd3E’ and w varies from 0 -
to U/h, the cross section becomes

U/k
o5 (B = V2 1/0 w3 (U — hw)/2dw

15¢3|p)2 ™
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_ 22 111 (Ei + en)?
156301 5 ™ omE;
where I = [ ppi(r)rexp (ipr)d®e.
Since the relative energy (F;) of the super cool electron under consideration is

of the order of meV, Eq. (17) shows that SRR cross section is inversely proportional
to E;. Cross section also depends on the overlap integral I,;.

(17)

2.2. TSRR cross section

From (16) the TSRR amplitude

MM,
Mp= MM 1
T |E1 — Er + in| (18)
My = (W¢|Halor), My = (F1|Hali), (19)

My is the amplitude for recombination into an excited intermediate state by
Coulomb interaction. My is the amplitude for transition to the ground state by
dipole interaction with emission of discrete photon. The cross section for TSRR.
then becomes
IMa)2 a3
n’I’(El) - Tn’I’—nl h !p1 E EI 271')3’

where the decay rate for transition from nl-state to n’l’-state is

_ 27 d3k
7-71’11’—-111 /8 E Ef)lj\{[llq(r ’:T)s

2
462 AEn'I’-—»nI 3 (2)5 ag
= e | e 2 < el IS 21
3h ( fc 2 3/ =z (21)

Here ag is the Bohr radius, AE,_n; is the energy for transition n/l’ — nl.
Knowing that E1 = Ej + €511, we get after some lengthy calculations

(20)

4 ) . 3/2
T e o 8mmy/2(E; + €ni) 929
O'H/I/(El) = Ill_nl (27!') ) l IJnlll 3 (6n’l’)2 ) ( )
where
Jnin = / et (],I;?]lpC(r) d3r. (23)

2.8.  Recombination rate

The recombination rate in the SRR channel for recombination into nl state
18

oy = (vo%,(B)) = / vo¥(B1) f(w:)d. (24)
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The average is performed over Maxwellian velocity distribution function f(v),
where

m \3/2 mo?
f(‘v)_<27rKT) P ('%KT)’ » (25)

T is the absolute temperature, K 'is the Boltzmann constant andv is the CM
velocity. Since 3KT = Imv? = E;, we get from (24)

1
ahi= [ oh(B)S B (20
Total SRR rate is

a =D oy (27)
n,l
Similarly, the total TSRR rate into ni-state through the intermediate n’l’ state is

ar = aty,. (28)

n!,l

where aE,,, = (via;f,,,(Ei».
3. Results and discussions

We have computed radiative recombination rates (Figs. la, b) and recom-
bination cross sections (Fig. 2) of bare ions Ne!%* and Ar'8t with electrons at
sub-zero temperatures, i.e., in the relative energy range 10~° eV to 10~3 eV.
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Fig. 1. Radiative recombination rate of Ne'®* (a) and Ar'®* (b) with electrons versus °
CM energy.

The spontaneous radiative recombinations for bare neon and argon ions are
computed for thie capture into 1s, 2s and 2p states (Fig. 3). SRR cross section is
found to vary inversely with incident energy E;. The dominant capture occurs in
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Fig. 2. Radiative recombination cross sections of Ne!®* and Ar
— a sum of SRR cross sections from 1s, 2s and 2p states; ------ a sum

CM energy:

CM energy (eV)

18+ with electrons versus
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a sum of SRR and TSRR cross sections.
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Fig. 3. SRR cross sections of Ne!®t and Ar'®* with electrons into 1s, 2s and 2p states
versus CM energy: —— 1s state, -+« - 25 state, ——— 2p state.

2s state. The-emitted photons in SRR have continuous spectra. The SRR cross

section increases with z

The two-step radiative recombination cross sections are computed for recom-
bination into the ground state via 2p and 3p states. The TSRR through 3p state
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Fig. 4. TSRR cross sections of Ne!®* and Ar'®* with electrons into 1s state versus

CM energy, through the intermediate states: 2p ... .- and 3p —
1.008-7
a.-remte s .
1.006-8 . 18+
N a=Ar
1.00€-9 Roorommemoss AN \\ b= Ne10+
\\ \\
N N
1.00E-10 s oo
= - © 1ssta *\2s state
2 1.00E-11 b - e\ AR iR
& N
E 1.00E-12 ' ) N\
2
< < N
© 100E13 NN
o
@ 1.00E-14 2 gy *
37 2pstate™ % \
1.00E-15 P )
1.00E-16
100E.17 d L | LAl 1 H! 1 il Il’ 1 ||| NI RN
1.00E-5 1.00E-4 100E-3 1.00E2 1.00E-1 1.00E+0 1.00E+1 1.00E+2
CM Energy (eV)
Fig. 5. SRR rates of Ne'®* and Ar'®* with electrons versus CM energy: —— 1s state,
------ 2s state, —R5—— 2p state.

is greater than that through 2p state. The TSRR cross sections are almost inde-
pendent of E; (Fig. 4) as long as Ej < 1 e¢V. The emitted photons are naturally
discrete. The cross section increases with z.

The recombination rates due to the SRR and TSRR channels considering
the Maxwellian distribution of velocity are shown in Figs. 5 and 6, respectively.
The present field theoretic results of sum of the SRR recombination rates of Nel0+
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Fig. 6. TSRR rates of Ne'®" and Ar!®* with electrons versus CM energy.

and Ar'8+ ions with sub meV electron are found to be greater than the sum of the
TSRR rates (Fig. la, b). Above 1 meV the sum of the rate coefficients from the
TSRR channel follows the experimental fit curve for Nel%*, while the total SRR
rates drop rapidly. The sum of the recombination rates from the SRR and TSRR
channels near 1 meV, are found to be slightly higher than the experimental results

(Fig. 1a).

4. Conclusion

The present paper is an attempt to show the contributions of the TSRR
channel in the RR of bare ions with super cool electron. The presence of the SRR
channel is well known in RR, process. However, the experimental rate coefficients in
the sub meV regions are several orders higher compared to the existing theoretical
results in the SRR channel. In the present paper, the field theory, which can ex-
plain most of the fundamental processes in nature, is applied to compute the SRR
and the TSRR cross sections. Physically, the SRR and the TSRR are the two inde-
pendent channels in RR process. Hence the question of interference between these
channels does not arise. When the rate coefficients from these two channels are
added together, the result is found to be comparable with the existing experimen-
tal data [8]. In actual experiment temperatures in the perpendicular and parallel
directions of electron motion are different. In the present paper, for simplicity of
calculation, we have taken temperature to be uniform in those directions while
considering Maxwellian distribution of velocity for RR rate calculations. Further,
there is scope for improving the present result by including more intermediate
states in the TSRR channel and more final states in the SRR channel. We hope to
take up these in our future calculations. In conclusion, we like to suggest for exper-
imental arrangements in RR process to identify the contributions from the SRR
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and TSRR channels by looking to their spectral signatures, namely, continuous,
and discrete characters of the spectral lines, respectively.
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