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Adiabatic theory of electron detachment from negative ions in a two-color laser field
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Negative-ion detachment in a bichromatic laser field is considered within the adiabatic theory. The latter
represents a recent modification of the famous Keldysh model for multiphoton ioniZhtish Keldysh, Zh.
Eksp. Teor. Fiz47, 1945(1964 [Sov. Phys. JETRO, 1307(1965]) that makes it quantitatively reliable. We
calculate angular differential detachment rates, partial rates for particular above-threshold detachment chan-
nels, and total detachment rates for the ldn in a bichromatic field with a 1:3 frequency ratio and various
phase differences. The reliability of the present, extremely simple approach is testified to by comparison with
much more elaborate earlier calculatiof$1050-29479)08503-(

PACS numbds): 32.80.Rm, 32.80.Fb

[. INTRODUCTION practical applications were carried out for the case of the

Interest in the photoionization of atoms in a bichromaticfrequency ratio 1:2 when in addition to the phase effects
laser field both in theorysee, for instance, Refgl—-13)) and  another unusual phenomenon exists, namelypttar asym-
in experiment1,14—14 seems to stem first of all from the metryof the angular distribution of photoelectrons. Unfortu-
effect of the phase control, i.e., dependence of the obserwately no other quantitative data for photodetachment in this
ables on the difference of field phases case are available, which makes comparison impossible.

The calculations have been carried out previouslyidar The main objective of the present study is to assess quan-
ization of the hydrogen atom in two laser fields with a fre- titatively an accuracy of the adiabatic scheme by comparison
quency ratio of 1:44], 1:3[5], and 2:3[7]. Potvliege and With the previous calculations carried out by Telnov, Wang,
Smith [6] presented results for various frequency ratios anctnd Chu[11] in the case of a 1:3 frequency ratio. For this
initial states. Different schemes have been employed, but afatio the polar asymmetry is absent, but the phase effects
of them imply numerically intensive work. persist. The calculations by Telnov, Wang, and Chilj are

For the multiphoton electrodetachmentrom negative based on a sufficiently sophisticated numerical scheme pro-
ions some analytical treatment exig8s9] that aims to inves-  Vviding a useful benchmark. We preséfec. 1) a complete
tigate qualitative features of the process, mostly in the caseomparison of the results by considering angular differential
when one or both fields are weak. The presence of a largéetachment rates, heights of ATD peaks, and total detach-
number of parameters in the problem sometimes makes rénent rates. It should be emphasized that the angular differ-
sults of analytical studies not directly transparent. The quanential rates are most sensitive to the formulation of the model
titative reliability of these approaches has never been agepresenting an ultimate test for the theory, as discussed in
sessed. This situation looks particularly unsatisfactory sinc&ec. lll. We draw also some general conclusion on the rela-
the multiphoton electron detachment from negative ions pretion between the adiabatic approach and the numerical cal-
sents a unique situation when quantitative results can be olgulations within the one-electron approximation.
tained by analytical method in a broad range of parameters

characteristic of the problem. Indeed, it has been demon- Il. RESULTS
strated recently by Gribakin and Kuchigi/7,18§ that proper . _
application of the well-known KeldysF19] model to multi- The adiabatic theory of two-color detachment was out-

photon detachmen{20] provides an extremely simple lined in our previous papgR6], where the reader can find all
scheme that gives very reliable results for theal ratesas  the details of the calculation. Here we only write down the
well as for above-threshold detachmAT D) spectrumand  expression for the electric field strength in the bichromatic
ATD angular distributions This adiabatic approximation laser field with a 1:3 frequency ratio in order to specify the
ensures an accuracy that is comparable to that of the mogefinition of the field phase differencg,
elaborate numerical developments and works unexpectedly
well even outside its formal applicability range, i.e., efen F(t)= |f1 coswt + ,fz cog3wt+ @). (1)
small number n of photons absorbélthe evidences of good
performance of the Keldysh model for thetal rateswere
presented also in the earlier papab].

Recently the adiabatic approach was extended by th
present author$26] to the case of bichromatic field. The

Ifl, Ifz are the amplitude vectors for the fundamental fre-
guencyw and its third harmonics, respectively. Below we
consider, just as in Refl11], the case when both the funda-
mental field and its third harmonics are linear polarized with
F.|F,. Then the differential photoionization rate depends

*Permanent address: Institute of Physics, The University of Stonly on the single i\ﬂgl@ between th? ptlotoelectron trans-
Petersburg, 198904 St. Petersburg, Russia. Electronic addredational momentunp and the vectors4|F,. Atomic units
Valentin.Ostrovsky@pobox.spbu.ru are used throughout the paper unless stated otherwise.
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FIG. 1. Detachment of the Hion in bichromatic field with the frequencies=0.0043 and & and intensitiesl ;=10 and I,
=10 W/cn?, respectively. The differential detachment réiteunits 10 8 a.u) as a function of the electron emission anglis shown for
the first ATD peak(corresponding to absorption of=8 photons of frequencw) and various values of the field phase differercas
indicated in the plots. Open symbols show the results of calculations by Telnov, Wang, aptilCtino the o= + %rr plot the open circles
show the results fozp=%77 and open triangles those fgr=— %77). Solid curves show results of the present adiabatic théwhich

coincide forg= 17 andg=— 3 as discussed in the text
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FIG. 2. Same as in Fig. 1, but for the second ATD péaresponding to absorption
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FIG. 3. Same as in Fig. 1, but for the third ATD pe@orresponding to absorption af=10 photons of frequency).

Our calculations for H detachment are carried out for the third harmonics, same as in the paper by Telnov, Wang, and
parameters of H as beford26] (k=0.2354A=0.75[39]).  Chu [11], namely, (i) 1,=10 W/cn?, 1,=10° W/cn?,
We choose two sets of field intensitiégg and I, for the  and (i) 1,=10 W/cn?, 1,=10° W/cn?.
fundamental frequency = 0.0043(that of CQ lase) and its In the case of a 1:3 frequency ratio considered here the
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FIG. 4. Same as in Fig. 1, but for intensities=10'° and|,=10® W/cn?; the differential detachment rate is shown for the first ATD
peak(corresponding to absorption of=8 photons of frequency).
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FIG. 5. Same as in Fig. 4, but for the second ATD péaderesponding to absorption af=9 photons of frequency).

field (1) does not possess polar asymméirg., asymmetry Figures 1-6 show the differential detachment rate as a
under inversion of the axis directed alongr,||Fy). There-  function of the angle for three lowestoper) ATD channels
fore the differential detachment rate does not change undénd for two sets of field intensities. The system Hamiltonian
the transformatiord= 7 — #. This allows us to show plots is a 2m-periodic function of the phase parameter We
only for 7= 6=0 domain. show our results for=0, ¢==*3, and = . The trans-
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TABLE |. Partial rates for the H detachment by the laser wave with the frequency0.0043 and its
third harmonics with the intensitiels =10 and 1,=10° W/cn?, respectively. The number of absorbed
photonsn refers to the fundamental frequency. In each block the upper figure gives the present result and the
lower one the result obtained by Telnov, Wang, and CHi]. The number in square brackets indicates the

power of 10.
One-color One-color
n fundamental Two-color harmonic
=0 p=m =37 o=—3m
8 0.67-9] 0.47-7] 0.54-8] 0.23-7] 0.23-7]
0.77-9] 0.43-7] 0.54-8] 0.20-7] 0.21-7]
9 0.20-9] 0.11-7] 0.23-8] 0.80-8] 0.80-8] 0.44-10]
0.20-9] 0.14-7] 0.23-8] 0.71-8] 0.73-8] 0.30-10]
10 0.41-10] 0.271-8] 0.34-8] 0.39-8] 0.39-8]
0.39-10] 0.24-8] 0.271-8] 0.3§-8] 0.30-8]
11 0.50-11] 0.65-9] 0.23-8] 0.17-8] 0.17-8]
0.40-11] 0.73-9] 0.14-8] 0.15-8] 0.14-8]
12 0.74-12] 0.14-9] 0.1J-8] 0.63-9] 0.63-9] 0.66-13]
0.71-12| 0.240-9] 0.71-9] 0.59-9] 0.30-9] 0.84-13]
13 0.21-12] 0.39-10 0.34-9] 0.24-9] 0.20-9]
0.33-12] 0.53-10] 0.21-9] 0.20-9] 0.8§-10]
14 0.64-13 0.84-11] 0.11-9] 0.54-10] 0.54-10]
0.14-12] 0.14-10Q] 0.97-10] 0.69-10] 0.33-10Q]
15 0.16-13] 0.20-11] 0.33-10] 0.14-10] 0.14-10] 0.14-15]
0.47-13| 0.34-11] 0.33-10] 0.23-10] 0.17-10] 0.31-15
16 0.36-14] 0.57-12] 0.87-11] 0.44-11] 0.44-11]
0.14-13 0.77-12] 0.17-10] 0.79-11] 0.1q-10]
17 0.6§-15] 0.19-12| 0.21-11] 0.17-11] 0.17-12|
0.35-14] 0.23-12] 0.43-11] 0.27-11] 0.6J-11]
Total 0.92-9] 0.63-7] 0.15-7] 0.3§-7] 0.3§-7] 0.44-7]
0.94-9] 0.54-7] 0.14-7] 0.33-7] 0.33-7] 0.30-7]

formation o= 7— ¢ leaves the Hamiltonian invariant only if named“atomic antenna’ In the recent literature the final-
tis replaced by-t. As stressed in Ref$2], the problem is state interaction is usually referred to @scattering In our
invariant under the time inversion operation, provided theproblem the rescattering effects are enhanced for high ATD
final-state electron interaction with the atomic core is ne-channels as discussed below.
glected. This is the case in the present model. Therefore our The results of our extremely simple theory are compared
differential ionization rates are the same foland —¢. The  in Figs. 1—-6 with the previous numerical calculations by Tel-
calculations by Telnov, Wang, and Chail] do take into nov, Wang, and Chi{iL1], which are rather involved. Being
account the final-state electron-core interaction. Thereforearried out in the one-electron approximation, they employ
they show some difference between the angular differentiahn accurate model for the effective one-electron potential in
rates fore and— ¢. However, it proves to be quite small for H™ [28], complex-scaling generalized pseudospectral tech-
low ATD channels as seen from the plots. nique[29] to discretize and facilitate the solution of the time-
The importance of the interaction between the emittedndependent non-Hermitian Floquet Hamiltonian for com-
electron and the core has been, to the best of our knowledgplex quasienergies and eigenfunctions, and calculation of the
first pointed out by one of the present authf2g]. In this  electron energy and angular distributions by the reverse
paper several phenomena has been predicted for which tht@mplex-scaling methof30]. As a lucid illustration of the
interaction plays a crucial role. The related mechanism wasimplicity of the present approach it is worthwhile to stress
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TABLE Il. Same as in Table I, but for the intensities=10'" and|,=10® W/cn?.

One-color One-color
n fundamental Two-color harmonic
¢=0 o= <p:%'n' <p:—%7r
8 0.67-9] 0.54-8] 0.41-9] 0.29-8] 0.29-8]
0.73-9] 0.53-8] 0.36-9] 0.24-8] 0.29-8]
9 0.24-9] 0.99-9] 0.1-9] 0.69-9] 0.69-9] 0.44-13]
0.20-9] 0.93-9] 0.1-9] 0.69-9] 0.64-9] 0.30-13
10 0.41-10] 0.23-9] 0.87-10] 0.29-9] 0.25-9]
0.39-10 0.29-9] 0.87-10] 0.25-9] 0.27-9]
11 0.50-11] 0.54-10] 0.74-10] 0.8§-10] 0.84-10]
0.4q-11] 0.59-10] 0.69-10] 0.84-10] 0.64-10]
12 0.74-12] 0.11-10] 0.39-10] 0.2§-10] 0.2§-10] 0.64-17]
0.71-12] 0.14-10] 0.33-10] 0.2§-10] 0.24-10] 0.99-17]
13 0.21-12] 0.21-11] 0.13-10 0.79-11] 0.79-11]
0.33-12] 0.49-11] 0.13-10 0.87-11] 0.94-11]
14 0.64—13] 0.39-12] 0.39-11] 0.24-11] 0.2q-11]
0.14-12] 0.20-11] 0.47-11] 0.24-11] 0.49-11]
15 0.16-13] 0.66-13] 0.94-12] 0.44-12] 0.44-12] 0.1-21]
0.47-13 0.17-11] 0.17-11] 0.70-12] 0.29-11]
16 0.36-14] 0.11-13] 0.21-12] 0.99-13] 0.99-13]
0.14-13] 0.59-17] 0.60-12] 0.21-12] 0.17-11]
17 0.68§-15] 0.17-14 0.47-13] 0.21-13] 0.21-13]
0.39-14] 0.27-12] 0.29-12] 0.64-13 0.5(0-12]
Total 0.92-9] 0.66-8] 0.79-9] 0.34-8] 0.34-8] 0.44-13]
0.9-9] 0.66-8] 0.74-9] 0.39-8] 0.39-9] 0.30-13

that it does not rely on any particular form of an effective the 1:2 frequency ratif26] and two terms for the one-color
one-electron potential; rather, it employs only two param-detachment[17,18. Generally this suggests that in the
etersk and A governing the asymptotic behavior of the ini- former case more complicated angular patterns emerge.
tial bound-state wave function. Probably one can find here a correlation with an alternative
From Figs. 1-6 one can see that the adiabatic approximanterpretation in the multiphoton absorption framework. The
tion ensures good quantitative agreement with calculationktter argueg7,11] that the angular distribution structure in
by Telnov, Wang, and Ch[d1]. In particular, positions of the 1:3 case is more complicated than for the 1:2 ratio since
maxima and minima in the angular photoelectron distributiorall of the pathways leading to a continuum state with the
are well reproduced. This demonstrates that the adiabatic apame energy interfere in the 1:3 case, whereas a considerable
proach correctly describes the nature of the structure as dymattern of noninterfering pathways exists for the 1:2 case due
to interference between the electron waves emitted at various parity or energy restrictiongach pathway is character-
(complex-valuegimoments of time. Indeed, within the adia- ized by the number of photons of different colors absorbed
batic theory[26] the ionization amplitude is expressed as asuccessively
sum of a number of interfering contributions. Mathemati- The partial detachment rate for each ATD channel is
cally they come from different saddle points in the approxi-shown in Tables | and Il for two sets of field intensities. The
mate evaluation of the integral over time that emerges in thegreement is good for low ATD channels; note that the re-
Keldysh[19] model. Physically they correspond to the co- scattering effects that generate dependence on the sign of
herent emission of the photoelectron at different moments oire manifested in the partial rates even less than in the an-
time. For our particular frequency ratio 1:3 the sum containgyular distributions shown in Figs. 1-6. For higher ATD
six interfering contributions as compared with four terms forchannels with low rates the difference between the present
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results and those of Telnov, Wang, and JhAd] becomes tachment such applications could be found in REfg,18)).
more pronounced. This behavior could be interpreted as th€echnically the calculations within the adiabatic approach
increasing importance of rescattering for high ATD peaksare extremely simple, reducing to finding the roots of the
The manifestations of this effect were observed recently irpolynomial and substituting them into an analytical expres-
experiment[31] and are currently vividly discussed in the sion[26] (the relateduATHEMATICA [34] program takes only
literature[27,31-33. a few lines. It should be recognized that the single active
electron approximation itself introduces some intrinsic error.
IIl. CONCLUSION It seems that often this error could be comparable with the

) ) ) difference between the result of numerical one-electron cal-
As a summary, the adiabatic approach provides a quantiy|ations and those of the adiabatic approximation. The un-

tatively reliable tool for investigating the two-color photode- certainty of the one-electron approach, in principle, could be
tachment of negative ions. In particular, the interferencgemoved within the two-electron approach, which, however,
structure in the photoelectron angular distributions as well agonsumes much more effort. The two-electron calculations,
the phase effects are correctly described. Since generally thgnich have been carried out recently, show that the one-
interference phenomena are known to be most sensitive lectron approximation is generally sufficient unless one is
the details of theoretical description, one can conclude th%articma”y interested in the subtle resonance effects
the present theory had successfully passed the most stringgpi; 35 34 (the calculations beyond the one-electron approxi-
test. . _ mation are currently possible only for a small number of
The Keldysh schemgl9] is known to be gauge nonin- apsorbed photosFor high ATD channels with low inten-

variant. Importantly, the calculations within the adiabatic ap-sities the adiabatic approximation becomes less reliable due
proach[17,18,2 employ the dipole-length gauge for the g the increasing role of rescattering effects neglected in the
laser field, thus stressing the contribution of the long-ranggyresent form of the approximation. It seems, however, that
asymptote of the initial bound-state wave function. The usgelatively simple modifications of the adiabatic approxima-
of the length gauge together with the adiabatic appré&eh  tion could be carried out to include rescattering effects.
integration over time by the saddle-point method, see Refs. The reliability of the results obtained above for the simple
[17,18,26 and discussion in Sec.)lfender a self-consistent gne-electron problem with rescattering neglected is highly
character to the theoretical scheme. Indeed, the exact eV"’"h‘nportant in perspective, since they are to be included as a
ation of the integrals does not add to the accuracy of th@onstituent part in the treatment of much more sophisticated

This is because in the former case the integral absorbs thghtenna mechanisii27,37,38.

contributions from the wave function outside its asymptotic
domain, where in fact it is known with much lower accuracy
(being, in particular, influenced by the effects beyond the
single active electron approximatipn We appreciate fruitful discussions with G. F. Gribakin.

The method is straightforwardly applicable to the nega-The support from the Australian Research Council is thank-
tive ions with the outer electron having nonzero orbital mo-fully acknowledged. V.N.O. acknowledges the hospitality of
mentum, such as halogen ions, which could more easily bthe staff of the School of Physics of UNSW where this work
accessible for the experimental studifes the one-color de- has been carried out.
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