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Correlation functions and spin
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The k-electron correlation function of a free chaotic electron beam is derived with the spin degree of
freedom taken into account. It is shown that this can be expressed with the help of correlation functions for a
polarized electron beam of all orders upkicand the degree of spin polarization. The form of the correlation
function suggests that if the electron beam is not highly polarized, observing multiparticle correlations should
be difficult. The result can also be applied to chaotic photon beams, the degree of spin polarization being
replaced by the degree of polarization.

PACS numbes): 41.75.Fr, 05.30.Fk, 25.75.Gz

I. INTRODUCTION mode of the electromagnetic fie]8] as a state with a maxi-
mum entropy for a given occupation number of this mode.
Although the theory of multiparticle correlations in free- We generalize this definition to an electron field with the
electron beams is relatively well developéste, e.g., Refs. Spin taken into account: the chaotic state is state of maxi-
[1-6]), up to now there has not been much attention devote@um entropy for given occupation numbers of the individual
to electron spin. We feel this is a deficiency because the spiftodes of the field and for a given spin polarization.
degree of freedom is a significant feature of the electron, ang From the condition of maximum entropy it follows that

should therefore be taken into account. In this paper we tryl1€r€ is no correlation between the coordinate and the spin
omponents of the chaotic state, which allows one to treat

to reduce this deficiency for one particular case which, as W§h in d f freed telv f h dinat
believe, is the most typical one in electron correlation experi- € spin degree of freedom separately from the coordinate

ments. That is, we calculate the multielectron correlationdegrees of freedom. In calculating the correlation functions

function for an electron chaotic beam with an arbitrary de-— . 2o in this way avoid the formalism of spin-dependent
. S Y @€glectron field operators, and use a relatively simple argumen-
gree of spin polarization.

tation based on the probability theory. As will be seen in the

: 1 ¢ following, this enables one to express the correlation func-
chaotic electron(or generally spin-1/2 particlebeams, but tions of a partially spin-polarized chaotic electron beam in

also to chaotic photon beams, because the corresponding Hikrms of the degree of spin polarization and the correlation

bert space of possible photon polarization states is two difynctions corresponding to a completely polarized beam, the
mensional, precisely as is the Hilbert space of the spin-1/Zorm of which is known[4,6].

states. We will speak about electrons for brevity, but the For our purpose it is fully sufficient to define the

argumentation and the results can also be applied to the Caﬁ%lectrp_n correlatior} functiom(k)(f)lytli L ,fk ,Fk) as t.he
of photons. probability of detectingk electrons atk space-time points
Il. CHAOTIC STATE (ri,t1),(r2,t2), ..., (ry.ty). To obtain a more compact form

of the equations, a shortened notatiorod¥) | will be used

The_reas.orll why we concen'trate. on the chaotic state is th?ﬁstead ofO(k)(Fl,tl, o ,Fk,tk), each index standing for
we believe it is a good approximation of a state produced by . s . .
the most coherent electron source available nowadays — tt]%ne space-time point(,t;). A_nalogous correlgtlon functions
field-emission tip. This source is the only candidate for elec-o" & spin-polarized beam will be denoted Gynstead. ofo,
tron correlation experiments at the present tif@g because SO, fc_)r example, _the(z'gwo-electron correlat_|on fun_ct_|c_)n for a
it offers both high brightness and a relatively monochromatic,p()lar'lz'f.OI bfeamt_ 'SGl-.Z .tFor a fm(?retpre(;_lsleij deflnlttlon of
energy spectrum. The electrons emitted from a fieId-gO"esel;)Fl g]nc 10NsS Interms of electron hield operalors see,
emission tip originate from a quasiequilibrium state in the g e
metal very close to a thermal state, which is an example of IIl. TWO SPIN-POLARIZED SOURCES
the chaotic state. We do not expect any additional coherence
to come into existence during the tunneling process, and Consider an electron that has been emitted from the
therefore suppose that the state also remains chaotic outsi§gUrce. Its state can be described by the spin density operator

the metaft ps that is represented by a Hermitian matrix of the second

The chaotic state was first introduced by Glauber for dorder in any orthonormal basis. @’;ﬁ can be diagona”zed by
a unitary transformation, there exists an orthonormal basis

, , , {|1),]2)} in which p, has the diagonal form
*Email address: tomtyc@physics.muni.cz

This might no longer be true for a polarized field-emission source
[7], where a correlation between the spin and coordinate can come Ps=
into existence; however, it can be shown that our results remain
valid as long as the energy spectra of the spin components “up'The state$1) and|2) correspond to spin orientations “up”
and “down” are close to each other. and “down,” respectively, with respect to some particular

P1
0

0
):P1|1><1|+P2|2><2|- 1)
p2
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axis a in space. In the case of photons, statesand|2)  function G2 for polarized electrons. On the other hand, if
would describe two orthogonal polarizations, e.g., two lin-cases(3) or (4) occur, we are dealing with two electrons
early polarized waves with the polarization planes perpenfrom two independent, oppositely polarized sources. The
dicular to each other or a pair of the left and right circularly electrons are then completely uncorrelated, and the correla-
polarized waves, depending on the properties of the sourcdion function is equal to the product of one-electron correla-
It is useful to express the probabilitips andp, in terms  tion functions, i.e.,G{’G{". As the probability that one
of the degree of polarization. This quantity is definedPas electron is polarized up or down jg or p,, respectively, the
—(p1—po)(p1+ps)=p1—p, (provided that p,=p,), probabilities of case€l), (2), (3), and(4) arep?, p3, p1p,

which yields and p1p,, respectively. The total correlation functicm(lzz)
14p 1-p can be then written as the weighted average of the polarized
pr=—%5 P2=— 2) correlation functions,
OF)=(pi+p3)Gi+2p1p2GINGE, @3)

Now the spin state of the ensemble of electrons coming

from the source is completely described by the density opwhich is the desired result fde=2.
erator{Eq. (1)]. As can be seen from its form, corresponds

to a situation as if just two types of electrons were emitted
from the source: first, electrons polarized up with respect to |n the derivation of thé-electron correlation function for
the axisa; and second, electrons polarized down with respect partially polarized chaotic electron beam, we proceed in a
to a. The probabilities that an electron emitted from thecompletely analogous way. K electrons at the space-time
source is of the first or second type areor p,, respectively.  points (1,ty), .. .,(x,ty) should be detected, there aré 2
The fact that the spin density operafayis diagonal means Possibilities how they can be polarizéstead of the four
that there is no correlation between the up-spin and downpPossibilities discussed in Sec. ]We denote egch of the.m
spin components. At the same time, there is no correlatioRY the sequencs; s, ... ¢, everys; expressing the spin
between the spin and the coordinate because the complegpelarization of the electron at the point;(t;) and having
multielectron state is chaotic. This allows the following con-one of two possible values: 1 for spin-up and or 2 for spin-

V. k-ELECTRON CORRELATION FUNCTION

sideration to be made. down. The probabilityP (s, . . . ,s,) that the electrons have
We formally substitute the original electron souRwith polarizationss,, . . . ,S is equal top:1p22, wheren; andn,

two independent sourceS,, and Syoun that emit electrons  express how many times 1 and 2 appear among the numbers

polarized up and down with respect to the a@isrespec- s, ... sy, respectively. IfO{¥ (s, ...,s) denotes the

the same propertie®f course except for the spiras the  nation, the totak-electron correlation function can be written
original sourceS This implies, for example, that they are as

located at the place of the original sourSeand have the

same energy spectrum. Moreover, the emission intensities gh(k)  — E P(Sy, . ...S0) O(lk) (S-S0, (@

K 1,...] K ek ML)
the S, and Sy, SOUrces must be equal tg andp, times S1y Sk

the intensity of the original sourc§ respectively. In the the sum being made over all the possibilities . . . S .
following, the idea of formally substituting the original Now, if the spin polarizations of the electrons are
source with two polarized ones will be used for a directsl, ... S, the situation is the same as if we dealt with two
derivation of the correlation fgnction for a partially polgrized independent sets of electrons—one setngfup-polarized
electron beam. To see this idea more clearly, we will cong|ectrons originating from the sour&,, and another set of
sider the simple cade=2 first, and then go over to a general ,, gown-polarized electrons originating from the source
k. Swown- The correlation functior0{ ,(s;, ... s, there-
fore factorizes into a product of two correlation functions for
polarized electrons:

The two-electron correlation function expresses the prob- (« o~ n)gs

ability of the event of detecting two electropns at the s;facep(ll)---'k(sl' -+ 80 =G 1)({r’t}”p)G( 2T aown)- ®

time points €3,t;) and _(Fg,tz) . This event can occur in one Here{r,t},, and{r ,t} sow, denote the sets of points at which
of four ways that are distinguishable in principle because theéhe electrons are polarized up and down, respectively. Sub-
coordinate and spin operators mutually commut®: the  stituting Eq.(5) into Eq.(4) and rearranging the sum, we can
spins of both electrons are oriented up with respect to thgyrite the correlation functio®{” , as follows:

axisa; (2) the spins of both electrons are oriented doy); '
the spin of the electron af(,tl) is oriented down, and the

spin of the electron atrg,t,) is oriented up; an@4) the spin x(GY¥ D GeM+c b G+ ..

of the electron atrfl,tl) is oriented up, and the spin of the +GHD, G (k224 pk22
electron at fz,tz) is oriented down. If casgd) or (2) occur, L. k=17k P1 P27 Pz P1
then according to Sec. Ill we are dealing with two electrons x(GY A GH+6Y, 2 ,c@A+. ..
from the same polarized source. Therefore, the two-electron

. . . . k—2 2
correlation function is equal to the analogous correlation +GIT LGP )+ (6)

IV. TWO-ELECTRON CORRELATION FUNCTION

..........
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To see the structure of such a series better, we write the
three- and four-electron correlation functions for illustration: 1t
3 3 3 3 2 2 2 1 W
O] = (p3+p3) G st (pip2+ p3p1) (GIAGE osl
+ G363+ elet), @
4 4, 4 ~(4) 3 3 (3) oo
03234 (P1+p3)Ci234t (p1p2t pop1)(Gis Gy
+6(Y.60+ 6,650+ 6.61) o4t
+2pip3(GYIGEI+ GG+ GIAGE). (8
0.2t
In this way thek-electron correlation function for partially
polarized electrons is expressed in terms of the one-electror
two-electron, etc. up ti-electron correlation functions for 00 02 0'4 0'6 0'8 1
polarized electrons, and the degree of polarizafitvat is ’ ’ ’ ’ p

connected withp; andp, via relations(2)].
The considerations made in Secs. Il1-V, as well as results FIG. 1. The factow= p§+ p5=[(1+P)/2]*+[(1—P)/2]* ex-
(3) and (6), can also be applied step by step to a chaotiddressing the intensity of thieelectron correlation as a function of
photon field, because up to now we have not supposed anihe degree of polarizatioR for k=10. As the figure shows, i/ is
thing about the quantum statistics of the particles. In factcomparable to unity, thus making theelectron correlations ob--
these statistics are hidden in the spin-polarized correlatiof€vable, one needs a beam of a relatively high degree of polariza-
functionsG, and in this way are also reflected in the corre-ton:
lation function O(lk)k As mentioned, the similarity be-
tween electrons and photons in this sense comes from treponsible for the two-electron correlation. As we can see,
same dimensions of the photon polarization Hilbert spacehis term increases with the increasing degree of polarization
and the electron spin Hilbert space. of the beam, varying between one half for an unpolarized
We return to the electrons again. According to RMs6],  beam and unity for a completely polarized beam. For elec-
the k-electron correlation function for a spin-polarized cha-trons, this result has been kno\, but it has been derived

otic electron beam can be expressed as heuristically only until now. For photons a similar effect of
N the polarization on the correlation function is knoy@j.
(k)  —c1)e@) (1) . .
Gi’ x=Gi’Gy’ - -Gy dety, ©) Next we go over to the case of an arbitrdyAccording

- . ) to Eq. (6), the factorw=(p'§+p'§) expresses the weight of
wherey=(y;;) is a matrix composed of the complex degreesye | glectron correlation in the partially polarized beam
of coherencey;; at the points (; ,t;) and (;,t;). Combining  compared to a completely polarized beam, because the

Egs.(6) and(9), we arrive at an explicit form for the corre- .glectron correlation is given just by the correlation function
lation function for a chaotic electron beam with an arb|traryG(ll’<% . It is evident that for largé the factorw becomes

spin polarization. small as soon aB differs even slightly from unity. Figure 1
shows the dependenae(P) for k=10. For example ifP
=0.7, thenw is equal to only about 0.2, so the ten-electron
correlation is reduced to one fifth with respect to a polarized
To see how the spin polarization influences the correlaheam. Thus we must conclude that if no beam with a high
tions in an electron beam, we first return to the case whedegree of polarization is available, it is difficult to observe
k=2. According to Eq.(9), the two-electron correlation correlations of higher orders. On the other hand, from the
function for a spin-polarized chaotic electron beam is equagxperimental point of view, observing even two-electron cor-
to relations is very difficult{2,10]. In comparison to the ex-
G(122)=G(11)G(21)(1—|712|2), (10) treme diffigulty of, say, a ten-electron correlation experi-
~ ment, making a 99% polarized electron beam seems to be an

where we used the fact that;;= vy,,=1. With the help of €asy task, and in this way the spin degree of freedom should
Egs.(2) and(3), for 0(12) we then obtain have no limitation effect on the measurement of multielec-

2 .
tron correlations.

VI. INFLUENCE OF POLARIZATION ON
MULTIELECTRON CORRELATIONS

1+P?
of%)= G(ll)G(zl)( 1- | 7’12|2) : (13)
If there were no correlation between the detection probabili- ACKNOWLEDGMENTS
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