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Experimental discovery of charge-exchange-caused dips in spectral lines
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We report the first experimental observation of charge-exchange-cause@ldipsalledx dips) in spectral
lines of multicharged ions in laser-produced plasmas. Specifically, in the process of a laser irradiation of targets
made out of aluminum carbide, we observed twdips in the Ly, line of Al xii perturbed by fully stripped
carbon. From the practical point of view, this opens up a way to experimentally produce not-yet-available
fundamental data on charge exchange between multicharged ions, virtually inaccessible by other experimental
methods. From the theoretical viewpoint, the results are important becausdifiseare the only one signature
of charge exchange in profiles of spectral lines emitted by plasmas and they are the only one quasimolecular
phenomenon that could be observed at relatively “low” densities of laser-produced plasmas.
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I. INTRODUCTION the well-known Neumann-Wigner general theorem on the
impossibility of crossing of terms of the same symmé&y
Charge-exchange-caused dipfso calledx dips) in spec- is not valid for the TCC problem af’ # Z. Physically it is a
tral lines emitted by plasmas are a relatively new phenomeonsequence of the fact that the TCC problem allows a sepa-
enon. It was first observed in the profile of the neutral hy-ration of variables in the elliptic coordinatg4).
drogen line K emitted from a helium plasma of the gas-liner  The overwhelming majority of crossings in the case of
pinch[1]. That papef1] also gave a sketch of the underlying 7'+ 7 are real, not avoided crossings. Only a tiny minority
theory. o are avoided crossings. An avoided crossing occurs when two
Subsequent work§2,3] presented a more sophisticated wells, corresponding to separatédand Z' centers, have
theory of thex-dip phenomenon. These theoretical Worksstates\lf and W', characterized by the same energies
[2,3] focused on the possibility of observing tlxedips in —E', by the sam,e magnetic quantum numbers m’, and
spectral lines ofmultichargedions in laser-produced plas- by th’e same radial elliptical quantum numbiersk’ [é_g]_

mas. The reason for this focus is that thdips phenomenon A this situation. the electron h much laraer probability of
opens up an alternative new way to experimentally obtairl s situation, the electron has a much farger probabiiity 0
tunneling from one well to the othdi.e., of CB as com-

data on charge exchand€E) between multicharged ions. X ]
For most pairs of multicharged ions this might be the On|ypared to the absence of such degeneracy. Physically, this se-

way to obtain such experimental information of fundamental€ction rule follows from the picture of CE as the corre-
importance. The theoretical papdi3] provided a list of ~SPonding interaction of states in two adjacent potential wells
pairs of multicharged ions, which were the most favorable(one centered at the chargeanother at the charge’) and
candidates for observing thedips in laser-produced plas- from the fact that for such interaction to be possible, the
mas. This list contains particular spectral lines of some hyradial wave functions of these states should have the same

drogenlike ions of a nuclear charge perturbed by some number of node$7,8].

particular fully stripped ions of a nuclear chargé+Z. We consider a radiative transition between two terms cor-
In the present paper we report the first experimental obtesponding to some Stark component. We use atomic units

servation of thex dips in spectral lines of multicharged ions and therefore employ the same notatitiR) for both the

in laser-produced plasmas. Specifically, in the process of gansition energy and the transition frequenByis the dis-

laser irradiation of targets made out of aluminum carbide, wdance between the radiator and the perturbing atom or ion.

observed twax dips in the Ly, line of Alxii perturbed by ~We focus at a vicinitysR of some particular distancBq
fully stripped carbon. corresponding to a small pafiw of the component profile

aroundA wg=f(Rg).

Let us consider a terra of a principal quantum numbex;
which asymptotically(at R—~) is a radiator’s term, and a

A comprehensive theory of the-dip phenomenon was terma’ of a principal quantum number’, which asymp-
presented if2,3]. Here we give only some brief excerpts totically is a perturber’s term. We are interested in the situa-
from [2,3]. tion where in the vicinity ofR, there occurs an avoided

We consider electron terms in the field of two stationarycrossing of the terna with the terma’. It translates into an
Coulomb center§TCC's) of chargesZ andZ’ separated by a avoided crossing in the energy difference between upper
distanceR. Gershtein and Krivchenkdv] demonstrated that termsa, a’ and a lower terna, (see Fig. L

Il. GIST OF THE X-DIP PHENOMENON
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FIG. 1. Transition energie§_(R)=E,—E,, and f,(R)=E, /
—E,o versus the radiator-perturber separatiyrplotted in a vicin-
ity R of an avoided crossing of the perturber’s teahwith the FIG. 2. Experimental setup, including the design of the struc-

radiator’'s term a aR=R; in the course of the radiative transition tured target. The aluminum carbide plasma is confined in a carbon
from the term a to the term,. The plot is schematic. The transition plasma in the direction of the observation, thus allowing the control
energyf_(R) actually occupies a band of a width (shown by  of the reabsorption. The 4C; strips, centered on the laser beam,
dashed lines controlled primarily by the dynamical broadening are well suited for the optimization of the emission. The spec-
caused by electron and ion microfields in a plasma. The radiator’srograph slit ensures a spatial resolution along the laser-target axis.
transition energy modified by the avoided crossing is shown by the

bold line. In the intervabR, the transition energy has two branches, ca|ly come from the requirement that the crossing distance
corresponding to the fact that the wave function of the radiator'.'~7R0 should not differ too much from the most probable inter-
term in this interval is a linear combination of wave functions of ., \clear distance. Another upper limit physically comes from
two different energies. the condition that the dynamical Stark broadening by elec-

For the majority of radiators the perturbing ion of the trons and ions of the plasma should not be so large as to

chargeZ' is separated by a distan&that is not in a close Wash out the dip. o : :
proximity to Ry . In this case the formation of the line profile This theory was applied if2,3] for selecting prospective

in the line wings can be described in the usual way by the?€Z -Systems for observations of dips in laser-produced
splitting of the spectral line into Stark components due to d'/gh-density plasmas of multicharged ions. One of the pro-
static electric fieldF=2'/R? produced by the chargg’. ~ SPEctive candidates was the,Lyne of Al xiii (Z=13) per-
The Stark components are broadened by electron collisiorf$f€d by fully-strippedC (Z’=6). Avoided crossing of
and coupled by nondiagonal terms of the electron broadeningPMe Of theZ=13 terms ofn=4 with some of theZ’' =6
operato1]. The observed profile is the superposition of theferms ofn”=2 occur in a vicinity ofRo~8. This distance is

collisional contours emitted at different valuesffthat is, about 6.5 times greater than the SiFdZ of the largest out
at different values oR. of the two separate statég,n) and ',n"). More specifi-
The situation differs dramatically for a minority of radia- call_y, two out of these avoided crossings should translate into
tors for which the distanc® is close toR, [1]. Because of X dips located a\\~6.7 andAX~9.6 mA (i.e., on the red
the avoided crossing of the terms, CE appears aadali- side). The range of densities where these tdips coulld be
tional channel for decayf the excited state of th& ion. ~ observed(for T~400 eV} is NoPPP~1x 107 cm™3, N
Therefore the lifetime of the excited state is shorted and the=2X 107%cm ™2,
collisional width suddenlyincreases. This means that these
radiators e_mit.a broader collisionalipromeor_npared to the IIl. EXPERIMENT
others, which is consequently less intense in its central part
and more intense in its wings. Thus at the frequency The experiment has been performed at the nanosecond
Aw[F(Ry)] the intensity of the resultant line profile be- laser facility at the LULI, France. When a high intensity
comes smaller than it would be if the avoided crossing wag4x 10** W/cn¥) 4w laser beam in a pulse of 500 ps is fo-
absent. As a result, a dip might appear in the line profile. cused onto a massive target, the electron density and tem-
In the comprehensive quantitative theory developed irperature can reach extreme values such &8 @i and
[2,3] it was shown, in particular, that when a CE-caused300 eV, respectively, in the first & of the plasma inside the
avoided crossing occurs at a relatively large distaRte crater. The density and the temperature gradients in the ad-
>max(?/Z,n'%Z"), then itpractically always results in a dip jacent layer of 10—1% can be easily diagnosed by emission
in the profile of the corresponding Stark component of thespectroscopy. The experimental setup designed to optimize
spectral line. both the generation and the diagnostics of xhdips in the
In [2,3] there were also quantitatively determined upperlLy, line of Alxii perturbed by fully stripped carbon is
and lower limits that control the range of electron densitiesshown in Fig. 2.
where thex dips can be observed. Both the lower limit and The targets are structured; powdered aluminum carbide
one out of two competing values of the upper limit physi- (Al,C,) strips are inserted in a carbon substrate. For each
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R LA DL A S exhibits two pronounced dips in the red wing. The dips are
1000 - AlCplasma - /™ = [-e-e- Az=0pm | ] located at 6 and 9 mA from the center of the line. These
R ,‘.’ : :;'_‘:ﬁ}gm positions are close to the predicted positif8is(6.7 mA and
= 80 [ . - fo kT . sz=1apm | ] 9.6 A, respectively which had been calculated analytically
t SERRRR ANT Y K EI enrveiLoid B using the assumptiof®).
2 coo [ - “ ,’ \ \“ v : It has been checked by hydrosimulatiofi] that the
£ N 1 e A, electron densities involved in the spatial integration interval
'§ [ ' -% "\ 5-15um are consistent with those optimizing the visibility
E v ST of the dips in the wing. For a larger thickness of the spatial
® Nl vv A d integration, i.e.,Ax=20 um, only discontinuities of the
2 AR N ) o ; A
£ ‘ . ] slope of the line profile in the red wing are still visible as
- < ; remnants of the dips. In the latter case, the average density
ey K L] S ; L i >
o L LTy SN L 5 for the selected plasma slice is getting too low for observing
< Ofxe f i A TR 7 the x dips.
Y 1 NNl
-200 [rralot=; ,.j-i-’-;f'-:-;“-\’.-‘.'.-._’j_;:’:‘-;‘__;";-i;..,;‘,l;
HEF I BN TR I 1 N e IV. CONCLUSIONS
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. We presented an experimental discovery ofxttiip phe-

a.(4) nomenon in spectral lines of multicharged ions in laser-

FIG. 3. Experimental profiles of the Lyline of Al xiiemitted produced plasmas. This phenomenon ahaltidisciplinary

from an aluminum carbide plasma. There is shown the evolution ofharacter (bringing together atomic physics and plasma
the spectra as the spatially integrated sliceincreases in thickness Physicg should have a significant practical importance. In-
from Ax=0 at the bottom of the crater, until it includes the coronadeed, further experimental studies xfdips, using various
plasma Ax=20um). For 5<Ax<15um, corresponding to the “radiator-perturber” pairs, would serve for producing not-
densities 18— 1072 cm 3, the profiles exhibit two pronounced dips Yyet-available fundamental data on CE between multicharged
in the red wing. ForAx=20 um, only discontinuities of the slope ions, virtually inaccessible by other experimental methods.
of the line profile in the red wing are still visible as remnants of the  Thex-dip phenomenon is also important from the theoret-
x dips. In the latter case, the average density for the selected plasnigal point of view for the following reasons. Let us compare
slice is getting too low for observing thedips, the densest part of this phenomenon to quasimolecular satellit®S) observed
the plasma being hidden by the git5 um). in spectral lines emitted by laser-produced plasiitgsl—

14]. The QS result from extrema in transition energiese-
target, the A|C; strip is placed through the center of the |ated to avoided crossing3he x dips and the QS have one
focal spot (J=80um). They are well suited for the optimi- thing in common: in the course of a collision, for a relatively
zation of the emission intensity and for the control of bothshort period of time, the electron is shared by two ionic
the transverse inhomogeneities and the reabsorption. It turtenters—a transient molecul@uasimolecule is formed.
out that, for the density domain - 10*2cm ™ required for ~ However, other features of thedip phenomenon are unique
observing thex dips in the Ly, line of Al xiii, thin strips of  and clearly distinguish it from the QS.
the thickness 2Qum serve well the above purpofe)]. First, for a given pair of multicharged ions, tkelips are

A diagnostic of an ultrahigh spatial and spectral resolutionobserved in plasmas of densities by two or three orders of
records spectra emerging from progressively thicker slices afhagnitude lower than densities, at which the QS are ob-
plasma, perpendicularly to the laser beam, with the help oferved. This is because the internuclear distance, correspond-
the 15um slit. This slit is located at 2 mm from the plasma ing to avoided crossings responsible for theips, is typi-
so that the high transverse magnification of about 100 facilically an order of magnitude greater than the internuclear
tates the analysis of the inherent spatial gradients. As for thdistance, corresponding to extrema in transition energies un-
spectral resolution=8000), it is achieved by using a PET related to avoided crossings. Coupled with the requirement
crystal set up in the Johann geometry and employed at thehat, for favorable observation conditions, the mean interi-
first order. onic distance in a plasma should be close to the correspond-

Figure 3 shows the evolution of the experimental profileing internuclear distance of interest, this explains the above
of the Ly, line of Al xiii as the spatially integrated slidex  dramatic difference in favorable plasma densities. Thusxthe
increases in thickness frodix= 0 at the bottom of the crater dips are the only one quasimolecular phenomenon that could
until including the corona plasmalk=20um). For all the be observed at relatively “low” densities of laser-produced
laser shots corresponding to the same conditions, the olplasmas.
served spectra demonstrate the same qualitative features.  Second, it should be emphasized that—distinct fromxthe

Because the spectrograph is inclined, the emission frondips—the QS can be unrelated to Qiespite statements to
the entire dense shock-region plasma is accessible, corréie contrary in some papers’he mere fact that, for a rela-
sponding to the first spatially integrated slice adfx  tively short time, the electron is shared between two ionic
=5um. Between 5 and 1mm, the spatial integration in- centers doesot necessarily mean that CE would occur. In-
volves a progressively less dense plasma and every profildeed, CE requires that the electron, which was initially
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bound at one ionic center, would finally end up at the othesition energies, there is no avoided crossing of the terms
ionic center. responsible for the QS and therefore no CE occurs.

In this paper we focus at pairs consisting of two different  Thus, the bottom line is that thedip phenomenon ithe
ionic centers, since only such pairs are relevant toxtd@  only one signature of ClBetween nonidentical ionic centers
phenomenon. For pairs consisting of two different ionic cen4n profiles of spectral lines emitted by plasmas. This further
ters, CE doesot happen in the process leading to the QS forenhances the importance of our first experimental observa-
the following reason. CE would require a coupling of thosetion of thex-dip phenomenon in laser-produced plasmas. Our
two quasimolecular terms that asymptoticallgt R— ) experimental study of this phenomenon in laser-produced
would correspond to the electron being bound by only one oplasmas containing other “radiator-perturber” pairs is ongo-
the other ionic center. If the coupling was there, then at relaing. A preliminary analysis of the experimental spectra is
tively small R, where these two terms come close togethergncouraging; results on thedips involving other radiator-
an avoided crossing would occur. However, in reality, at theperturber pairs are expected to be presented elsewhere in the
internuclear distance corresponding to an extremum in tramear future.
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