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In this Rapid Communication, we show that a simple process of two-step double ionization taking place in
an atomA, following the absorption of a single photon, produces a spin-entangled state of two electrons. The
degree of entanglement of this state can be tuned to the desired value by selecting appropriate total spin
quantum numbers of the electronic states of each of the three atomic sfecies, A*,A%*) participating in
the process in Russell-Saunders coupling. These entangled states are readily characterized by measuring only
energies of two emitted electrons, without requiring the entanglement witness, or any other such protocol.
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The rapidly developing field of quantum information is =hw, is the energy of the photon absorbed in the electric
based on the existence of nonsepardgide, entanglegistates  dipole (E1) approximation; photoelectrog; is ejected from
of more than one particles in quantum mechanics. Consesne of the inner shells of; the subsequent nonradiative,
quently, the production and characterization of er.‘tang|e‘%pontaneous decay of the excited photoﬁﬁin the second
states of two or more particles is currently of great mterestSte|o in(1) emitse,, called Auger electron,
Although, the recently implementdd,2] entanglement wit-
ness(EW) [3] is, hitherto, probably the only protocol avail-
able for characterization and/or detection of entanglement;
there have nevertheless been several methods proposed for

hu1,m) + Al0) — A [&) + ey, Uy, ky),

generating two entangled particles in which neitfie2,4], A+*|e> — AZYf) +e2(,u2,02,l22). (1)
both [5-7], or one of the tw8] possesses rest mass differ-
ent from zero. Among thegé,2,4—§, however, the paramet- Here, the propagation vector of the=1,2)th electrong

ric down convers_ior(PDC) [9] has so far been_ the most g Izi:(ki!‘giyd’i) such that its kinetic energy is given by
successful and widely used method for producing a pair Of:hzk?/Zm' also M_(:Jr;) is the projection of the spin of
entangled photons. Even in demonstrations on realization g e\ e ol . :
an EW, the experiments were performed on nonseparab elong Ui( i, ¢1). The respectlv'e ket©), [e), gnd|f) n E(jls'
states of two[1] or more[2] polarized photons produced by (1) represent the antisymmetrized electronic states,ok™,
PDC. and of the dicatiom\?* possessing the energigg, E,, and
Many applications of entanglement, nevertheless, requir&:. Thus in(1), while energye; =hv,—(E.—E,) of e, varies
nonseparable states of two or more particles possessing regith that of the photon absorbed; energy (E.—Ey) of e, is
mass different from zero. For such particles can interact anfixed and is completely determined from thatadf and A2+,
be detected, unlike photons, without being destroyed. In thixet |1,m,) in Eq. (1) specifies[10] the polarization of the
Rapid Communication, we discuss a very simple process i3psorhed photorm = +1 and —1 are for photons with posi-
atoms for generating states of two electrons, $aye,), tive and negative helicities, respectively; wheregs 0 cor-
which are entangled with respect to their spins. The prOposeﬂesponds to a linearly polarized photogan unpolarized

method, in addition, has several distinct advantages over th@ectromagnetic wave is taken to be an even mixture of pho-
2tohnesre p;?ggg”;fjé;géf T&geétrom%?ggeasrtﬁgefsor generating ,ns with negative and positive helicitigshccordingly, a
Forpexam le(i) it can produce twopelectrorfe o) in a photonin a1, +1) or|1,-1) state is incident, but a photon in
) piel p_ ; =2 |1,0) state has its electric field vector, along the pdiae.,
maximally chaotid1(a)] og=1/4 state, in a pure, maximally 02) axis of our coordinate system

entangled, singlet spin statg(l,,0,), or in a state which is ) .
a mixture of these two possible extreme stateqesfe,). Both steps in the procegs) are completely described by
the density operator

Here,l is a unit matrix,i;( 97, ¢1) andliy(95, ¢,) are the spin
quantization directions ofe,,e,), respectively(ii) The de- pr=KoFopiFl, With[6,7]  py=K1F1(po ® p)FL (2)
gree p(=0-1) of entanglement of the state constituted by
mixing oy and o can be predetermined, and hence “tuned,”being the density operator for the first step of photoionization
according to one’s requirements. The proposed method thua (1). In p;, F;=Vm/A°F is the photoionization operator
produces two electrons with a tunable degree of spinwith the operatorF in the E1 approximation defined, for
entanglement.(iii) Such entangled states are completelyexample, in[11]; p,=|1,m)1,m,| and p,=|0)(0| are the re-
characterized by measuring merely energietepfe,), with-  spective density operatof6,7] of the ionizing radiation and
out using any EW protocol or detecting the spins of the elecof the unpolarized atond, assumed to be uncorrelated be-
trons. fore the interaction between the two takes plagen (2), on

Let us consider emission 6¢,,e,) from an atomAintwo  the other hand, contains the Auger emission opefaf$i 2].
different, but sequential, steps shown in Et). There,E, The quantities)C; and KCy, whose explicit forms are not of
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interest for the present discussion, are given in Réfs12,

. Up(ul' u2),u1,,u2;ﬁui,ué
respectively.

In this Rapid Communication, we want to investigate en- = (- 1)&)+Sf_zse+ﬂi+”’é(2%+ 1) > (-1)%"(2s+1)
tanglement properties afe;,e,) without considering spin- snmm
orbit interaction(SOI) in any of the specie#, A" ,A%*, and 12 12 s\/12 12 s\|l12 12 s
in the continua of the two sequentially ejected electrons. It, X , ,
M1 —pr M\ —p, M/ S S S

in other words, means that Russell-Saundéss, LS) cou-
pling becomes applicable to whole of the procélgs More- 1/2 1/2 s
over, in the absence of SOI and due to the spin-independent X S S S
nature of both of the operatoFs [11] andF, [12], the total
spin before and after each of the two steps in the prodss X[ Dy (@1, 91,0 [P (@2, 92,01, (6)
is conserved, i.e.,
- . - . on the right-hand side of5) is, on the other hand, &
$=S+s5 and §=S+5,. (3 x4) matrix which does not contain any of those physical
Here,S), S, andS; are the spins of the respective electronicva“ame_s which are present in the angular.correlation and,
states|0) of A, |e) of A+*, and|f) of A2* participating in the hence, is totally independent of the dynamical effects con-

it |2 ] = 1% . tributing to the processl). Obviously, matrix(6) is com-

process(1), whereass [with |.S‘|_(1/2)'] IS the spmAanguIar pletely determinedby the spins of all the five particlgge.,
momentum of the electrog in (1) quantized along;. & por _ .

Now the most general form of the density operatpog AA" AT, €, andgy) involved in the procesgl) and by the

® p,), which represents i2) an unpolarized atonA in the directions({;,Gy) of spin guantization of'both pf the ejected
LS coupling plus a noninteracting photon, can be written aselectron_s(ell,ez). The variables, present '“6,)' is a dummy
summation index. Hence, the second t&éy in the DM (5),

_ 1 ] ) represents a purely spin correlation betwdep,e,). The
(Po® pr) = (2lo+1)(25+ 1)M2M 0;1mX0;Lm[.  (4) subscript p” to o in (5), and elsewhere in this Rapid Com-
o 7% munication, is a paramete=p($); S.; S;) containing the de-
Here,|0;1,m,)=|0)|1,m,) represents a state of the noninter- pendence of the spin correlation mat(& on the three spin
acting(photon + atonp system;L,, is the total orbital angular quantum numberS,, S, and$; [see, for example, Eq89a)
momentum ofA in its |0) electronic stateM and Mg, are and (9b)]. Further in(6), following the definitions given by
the projections of the respective angular momentum vectorsdmonds[14], each(with two rows and three columnsf
L, and S, along the polar axis of our coordinate system,tne two big parentheses and two curly brackets, Bfslare

Further in (4), we have averaged over all the degeneratdn® 31 Symbols, 6; symbols, and the rotational harmonics,
states ofA. The density matrixDM), calculated for the op- €SPectively.

erator(2) in the LS coupling, simplifies to a product of two Although it is not possible to give the details of the deri-
independent terms in the following form vations of Eqs(5) and(6) in this Rapid Communication for

the reasons of space, the separation prese) iof the DM
(f;,ul,ﬁl,lzl;Mz,ﬂz,|22|pf|f:Mi,ﬁl,lzl;,ué,ﬁz,lzz) into its two parts describing purely angular and purely spin
3 correlations betwee(e;,e,) in the absence of SOl is, never-
- da—(mr)o (0y,0) o (5) theless, completely rigorous and independent of all dynami-
R A 2 B
de; dk; dk, cal models.
o It is obvious from the spin conservation conditiaids, as
The first termd®o(m,)/de; dk; dk, on the right-hand side well as from the two 6- symbols[14] present in(6), that
of (5) contains, among other things, the directions of propa€ach of the spin§ and S must be equal t&,+1/2. The
gation (k;,k,), energiege;, ;) as well as phase shifts of two ONIY two possibilities are, thereforg; =S and|S-S{=1. In
emitted electronge, ,e,), and the state of polarization of the the following, we investigate the spin entanglement between
ionizing radiation. It, in addition, has total orbital angular (€r,8) n both of these cases. Th|s property of the two elec-
momenta(Lo, L, L) of (A,A,,*,AZJ,), products of the dynami- trons will be completely determined by the mat(® as the

i o ; angular correlation in5) is alwayspositive and acts as a
cal amplitudes foi£1 photoionization(calculated using the ., iivicative factor. Therefore, unless stated otherwise, we

electronic states oA and of A" ) and for Auger emission \yite the DM (5) as

(determined by the electronic statesAdf and ofA%*). Also,

the first term in(5) has an implicit depende*nce upon the R R R R
spins(Sy, S S) of the atomic specieg.e., AA* AZ%). It is, (F; a0, 00, ks o, U, Kol prl £ a1, O, Ky 5 g, 0, ko)
however, totally independent of the quantization directigns
as well as of the spins of the electraes, e,) emitted in(1).

Hence,d3a(m,)/de; de dRZ in (5) describes purely angular () =S(=S,+1/2).

— a-p(al'l]Z)Ml’MZ;'u’i'/"“é' (7)

correlation betweer(e;,e,). Its explicit form, given else- (a) Let us first consider the proces$) for the case
where[13], is not needed for the present discussion. when §=1/2,5.=0,5=1/2. The DM, obtained from(6)
The second term and(7), is given by
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GENERATION OF TUNABLE ENTANGLED STATES OF.

o'p(ul'UZ),ul,uz,u N = (149, 1z M2M2 (0'0),441#2;#1,% (8a)

with &, the Kronecker delta functiopl4]. This is a dia-
gonal matrix with each of the four eigenvalues (&a
and of its partial transposéPT) equal to 1/4. It rep-
resents[1(a)] a maximally chaotic state, corresponding
to a mixed separable state, of the two electrdese,).
One of the simplest possible examples of this result can b

form the oy state.

gwis case is
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the two-step DPIB(1s? 282 2p! 2P) B (1s! 282 2pt 1P)
— B2*(1s? 2st 2p° 29) in the ground electronic configuration
of a boron atom. The sequentially emitted, e,) in this case

(b) Next we look at the transitioril) for $=0,S;
=1/2,5=0. The DM, obtained from Eqg6) and (7), for

40—p(01’u2),u1 oy = 40’1(01,02);,41'#2;#1‘#&
’ ’ 11 1 1 11 1 1
s pol pgs o0 212 5=3 -5 -2-3
0
%% 1-0y-0p C1$ ~$16C $1C2 = C1S,C =55+ (1 -ciCy)c
-is;S +1i5,8 —-i(c;—cy)s
_ %, - % C1$; ~ $,CC 140, -0y —$:8,— (1 +¢4C))cC — 56+ C1S,C
+1is;S +i(cy+Cy)s —is,8
-3 $1C; ~ C1S,C -5~ (1 +ci6)cC 1+0-0y - €S, + S1C,C
—is,8 —-i(c;+cy)s +1is;S
- %,—% —$18+ (1 -¢C))cC — 56, +C1SC —C1$, +5.CC 1-0y-0p
+i(c —Ccy)s +is,s —-is;S
(8b)
|
with 0;-O,=cico+s5,¢, and the definitions:i=\(-1), p($=5:;S)
s =sin ¥y, S,=sin U5, ¢; =084, C,=C0SD,, S=Sin(¢, 0 for &.20
~¢1), C=Cod ¢~ py). _ 1
The respective eigenvalue$0,0,0,1) of (8b) and - [4_31 +S(8+ D) - S+ 1)]2 for S, > 0.
(2,2,-1,2) of its PT are completely independent of the 3%(S:+1)

angles which specify the spin quantization directi6ing G)
of (e;,e,). These eigenvalues clearly show that the DM
(8b) represents a pure and entangled statéepfe,). One

(9b)

It is obvious from Eq(9b) thatp= 0, always; in addition, on

further finds, from the reduced matrix (8b), that the degree account of [§-SJ=1/2,p<1. Also, p($=1/2;S,=0;

of nonseparability(participation ratio or Schmidt number
[15] for this pure state is maximum, i.eK=2, which is
that of a Bell state. In conclusion, DNBb) represents a

S$=1/2)=0 and p($=0;5=1/2;5=0)=1. With each of
these two allowed extreme valuesmfthe DM (9a) rightly
reproduces state@a) and (8b) for p=0 andp=1, respec-

pure and maximally entangled state of two spin-half partively. The elgenvalues dBa) and of its partial transpose in

ticles correspondingj7] to a singlet spin state of; ande,.

terms of p, are 4(1 p) 4(1 p) 4(1 P, and4(1+3p)

Among the several possible, simple examples for thior the DM; 4(1+p), 4(1+p), 4(1 %), and? 2(1+p) for
case can be the two-step DPI in C,O, inert gases, etc. Fehe PT of(9a). Thus, for all allowed value(ao to 1) of p,

example, Qls? 252 2p? 1S/1D) — C* (1s! 282 2p? 25/2D)
—C?*(1s? 252 2p° 19). Here, e, ande, are in theo; state.

specified by Eq.(9b), each of the four eigenvalues of
ap ul,u2)|s0 =S, is always greater than or equal to zero; on

(c) The density matrices for other transitions involving the other hand, ong.e., 4(1 3p)] of the four eigenvalues

the processefl) with §,=S; are also obtained from Eq&)
and(7) and can be shown to be given by

of the PT of this DM becomes negative fpe=1/3. That
is, if pin Egs.(9a and(9b) exceeds 1/3but remaining
less than }, the corresponding DM represents an en-

tangled state which is a mixture of the statgsand o.

States of two or more particles which can be expressed in
the form of Eq.(9a), with O0<p=<1 are known[1(a),3] as
Werner[16] states. Ap determines the amount of mixing of

op (U1, U)g =5, = P(S = S, S) 040, Tp) + (1 = p)oo. (9a)

o4(04,0,) with oy, it is therefore called1(a),3] the “mixing
parameter” or the “probability” for the Werner stg@g). The

with the parameter
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p in Eg. (9b) pepends only on the total spins of each of the_, C"*(lsl 252 2p? 25/2D) — C2*(1s? 28° 2p? 3P).  Further,
speciesA, A", andA?* participating in the procegd). One Ul,(ﬁl,ﬂz)h%_sf‘:l is not a Werner state as the coefficient of
can, therefore, determine the valuepadd priori and, hence, the pure, maximally entangled spin statgin (10) is always
select the appropriate photoionizing and Auger transitions imegative.
the procesg1), according to one’s requirements of the de- Hence, production ofe;,e,) with a desired degree of en-
gree of mixing of theo(0;,0,) and oy states in order to tanglement requires simultaneous existence of the Russell-
produce a spin-entangled state (@f,e,). In other words, Saunders stateg0),|e),|f)) with the appropriate values of
DPI in Eq. (1) provides a method for producing Werner their respective spinky, S, $) for the given atomic species.
stateg9a) and(9b) of two electrons with a tunable degree of One can always, in general, select or prepare an aadm
their spin entanglemenp can, therefore, be called also a the needed sta{@); generation of the right state & will,
tuning parameter. however, require a proper value of the energy of the ab-
One can give several examples to illustrate the abovesorbed photon to cause th@ — |e) ionizing E1 transition.
mentioned points. While the transitiond(1s? 25> 2p34g)  But, formation of the stat¢f) of A** will depend on the
—>N+*(1sl 282 20 35) . N2H(1<2 21 2p? Py, with (S, various competing channels available for the nonradiative,

=3/2.5=3/2.5=1)=1/6, produce(e, &,) in a mixed pro- SPontaneous decay of the excited phtofh. If more than
= S=1) produce(ey, &) i XEC pr one triod(|0),|e),|f)) of the appropriately allowed states exist
transitions N(1s? 2% 2p° 2P/2D) N* (18! 282 2p% 3PD) in a single atom, it will then be possible to obtain different
-

ot 12 ) . pairs of (e;,e,) possessing correspondingly tuned, different
—N#'(1s? 257 2p' ?P) are in an entangled Werner state with degrees of entanglement in a single experiment with that

P(S=5=1/2.5=1)=2/3. atomic species. Otherwise, different atoms, with appropriate
The other interesting thing about the method proposegioq (|0),(e),|f)) of states need to be used in different experi-

herein is that one needs not use EW protocol or any othefents for producinge,,e,) with different, desired degrees
method(e.g., measurement of the spins of the ejected elecs; entanglement

trons), for that matter, for detecting and/or characterizing the = 5 final point, which probably also needs to be discussed
nonseparability of the state G, e,). A simple measurement herein, is that i,n the present study we have not taken SOI in
of the energies of the photoelectron and of Auger electronyither of the two steps of the proceds into account. Inclu-
will readily identify the electronic states of each of the spe-gign of SOI will mean that neither of the two Eq8) will be
ciesA, A", and ofA*" in the LS coupling. This will, in turn,  valid. This will, consequently, lead to a situation wherein
determine their spin&, S, and$;, respectively. One can, DM (5) cannot be separated into its angular and spin parts,
subsequently, calculate the degpeef spin entanglement of and hence cannot be written in the form of the prodigt

(e1,€p) using Eq.(9b). The dynamical effects will play a very important role in the
(i) |S-S|=1 (with $=8.+1/2,5=5,F1/2). spin entanglement between sequentially emittede,) in
The DM (7) in this case can be shown from E@) to  the presence of SOI. An immediate important consequence,
reduce to the following form: among others, of this on the proceds will, therefore, be

o o that one can no longer determiagriori whether(e,,e,) are
0op (U1,Up)g-51=1 = ~ (1/3) a1 (U, Up) + (4/3)0.  (10)  entangled or not. The effects of SOI B,C, N, etc. atoms,
considered for various examples herein, are well known to be
The eigenvalues of this matrix and of its PT are, re-negligibly small. These effects certainly become important
spectively, (1/3,1/3,1/3,0 and (1/6,1/6,1/2,1/®  for heavier atoms.
Thus (10) represents a mixed and separable state of the This work was supported, in part, by the Council of Sci-
electrons (e;,e,). A relevant example for the present entific & Industrial Research, New Delhi, India, under Grant
case can be the two-step DPC(1s?2s* 2p? S/'D)  No. 030952/02/EMR-IL.
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