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It is shown that the next-to-leading ord@XLO) corrections to the
QCD Pomeron intercept obtained from the Balitsky—Fadin—Kuraev—
Lipatov (BFKL) equation, when evaluated in non-Abelian physical
renormalization schemes with Brodsky—Lepage—MackerdBEM)
optimal scale setting, do not exhibit the serious problems encountered
in the MS scheme. A striking feature of the NLO BFKL Pomeron
intercept in the BLM approach is that it yields an important approxi-
mate conformal invariance. @999 American Institute of Physics.
[S0021-364(©9)00115-2

PACS numbers: 12.38.Cy, 11.10.Gh

The discovery of rapidly increasing structure functions in deep inelastic scattering at
HERA at small-x is in agreement with the expectations of the QCD high-energy limit.
The Balitsky—Fadin—Kuraev—LipataBFKL)! resummation of energy logarithms is an-
ticipated to be an important tool for exploring this limit. The highest eigenval(i&’, of
the leading order BFKL equatidtis related to the intercept of the Pomeron which in turn
governs the high-energy asymptotics of the cross sectiors®P 1= s The BFKL
Pomeron intercept in LO turns out to be rather larggs —1=w["**=121In2 (ag/m)
=0.55 forag=0.2; hence, it is very important to know the next-to-leading ofti#rO)
corrections.

Recently the NLO corrections to the BFKL resummation of energy logarithms were
calculated; see Refs. 2 and 3 and references therein. The NLO corréétionghe
highest eigenvalue of the BFKL equation turn out to be negative and even larger than the
LO contribution forag>0.157. However, one should stress that the NLO calculations, as
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any finite-order perturbative results, contain both renormalization scheme and renormal-
ization scale ambiguities. The NLO BFKIiaIcuIatiéﬁwvere performed by employing

the modified minimal subtraction schem® §) to regulate the ultraviolet divergences
with arbitrary scale setting.

In this work we consider the NLO BFKL resummation of energy logarithiria
physical renormalization schemes in order to study the renormalization scheme depen-
dence. To resolve the renormalization scale ambiguity we utilize Brodsky—Lepage—
Mackenzie(BLM) optimal scale settin.We show that the reliability of QCD predic-
tions for the intercept of the BFKL Pomeron at NLO when evaluated using BLM scale
setting within non-Abelian physical schemes, such as the momentum space subtraction
(MOM) scheméﬂtheY scheme based oX —ggg decay, is significantly improved
compared to thé'S scheme resuft®

We begin with the representation of théS-result of NLO BFKL?*2 in physical
renormalization schemes. The eigenvalue of the NLO BFKL equation at transferred
momentum squaret=0 in the MS schemé? can be represented as the action of the
NLO BFKL kernel (averaged over azimuthal anglen the leading order eigenfunctions

(Q3/QY) ~V*1” (Ref. 2:

1 .
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where

xL(v)=2¢(1) — p(12+iv)— y(12—iv)

is the function related with the leading order eigenvalie,I’’/I" denotes the Euley
function, thev variable is conformal weight paramefeN. is the number of colors, and
Q> are the virtualities of the reggeized gluons.

The calculations of Refs. 2 and 3 allow us to decompose the NLO coeffigjeraf
Eq. (1) into B-dependent and conformaB{independentparts:
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with

In(1—-1)

e cos{vln(x))
(V)_Zfo (1+x)\/_

HereBy=(11/3)N-— (2/3)Ng is the leading coefficient of the QCPB function,Ng is the
number of flavors{(n) stands for the Riemann zeta function,(X) is the Euler diloga-
rithm (Spence function In Eq. (4) N denotes flavor number of the Abelian part of the
gg—qq process contribution. The Abelian part is not associated with the running of the
coupling and is consistent with the corresponding QED result for #ie* —ete~
cross sectiof.

L|2( ) y L|2(X): - foxdt (5)

The B-dependent NLO coefficient« s(v), which is related to the running of the
coupling, receives contributions from the gluon reggeization diagrams, from the virtual
part of the one-gluon emission, from the real two-gluon emission, and from the non-

Abelian parf of the gg— qa process.
The NLO BFKL Pomeron intercept then reads fdg=3 (Ref. 2:

- 1= @0 =122 T 1 ) T, ®)

rirs(0)=—20.12- 0.1020N + 0.0669B,, @
I’M—S(O)|NF:42 - 1999

One of the most popular physical schemes is the MOM schebased on renor-
malization of the triple-gluon vertex at some symmetric off-shell momentum. In order to
eliminate the dependence on gauge choice and other theoretical conventions inherent to
the MOM scheme, one can consider renormalization schemes based on physical
processe$, e.g., V scheme based on heavy quark potentialYorscheme based on
Y —ggg decay®

A finite renormalization due to the change of scheme can be accomplished by a
transformation of the QCD couplirt:

®

Ag— g

o
1+T—),
a

whereT is some function oN¢, Ng, and for the MOM scheme, of a gauge paraméter
Then the NLO BFKL eigenvalue in the MOM scheme can be represented as follows

a’MOM(QZ) aMOM(QZ)
T T !

omom(Q?,v)=NcxL(v) 1+rmom(v)

Mvom(?) =Tws() + Tyom - 9

The corresponding function for the transition from th&1S scheme to the MOM-V-
andY-schemes can be found from Refs. 5, 4, and &ble ).

One can see from Table | that in spite of a weak renormalization scheme dependence
the problem of a large NLO BFKL coefficient remains. The large size of the perturbative
corrections leads to significant renormalization scale ambiguity. The renormalization
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TABLE I. Scheme-transition function and the NLO BFKL coefficient in physical schemes.

Scheme T=TCony T8 r(0)=rc"(0)+r#(0) r(0)
(Ng=4)
MOM = 7.4711.2818, ~12.64-0.1020N-— 1.2143, ~22.76
= 8.247-1.2818, —11.87-0.1020Ns— 1.2148, —21.99
= 8.790- 1.2818, —11.33-0.1020N.— 1.2143, —21.44
2-0.41673, —18.12-0.1020N- — 0.34973, —21.44
6.47—0.9233, —13.6-0.10N; — 0.8563, —217

scale ambiguity problem can be resolved if one can optimize the choice of scales and
renormalization schemes according to some sensible criteria. In the BLM optimal scale
setting? the renormalization scales are chosen such that all vacuum polarization effects
from the QCDg function are resummed into the running couplings.

In the present case one can show that within\ttecheme(or the M S schemeé the
BLM procedure does not change significantly the value of the NLO coeffic{ent This
can be understood since the V scheme, as welll 8&sscheme, are adjusted primarily to
the case when in the leading order there are dominant @Blian) type contributions,
whereas in the BFKL case there are important leading order gluon-gh@mmnAbelian

interactions. Thus one can choose for the BFKL case the MOM scheméhe Y
scheme.

Adopting BLM scale setting, the NLO BFKL eigenvalue in the MOM scheme is

avom(Qua?) avom( Q)
0g W (Q% 1) =Nex (v) —————[L+rg'(n) —————|, (10
o (v) =Tt (v) . (11)

The B-dependent part of thg,on(v) defines the corresponding BLM optimal scale

BLM
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W
0

Q@ = 15Gev*
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FIG. 1. v dependence of the NLO BFKL eigenvalue: BL{ih the MOM schemg— solid, MOM scheme
(Yennie gauge¢=3) — dashedM S scheme — dotted. LO BFKL{s=0.2) — dot-and-dash.
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FIG. 2. Q? dependence of the BFKL Pomeron intercept in the NLO. The notation is as in Fig. 1.

arfov(v) 1 5
Q“B”E’MM2<v>=Q2ex;{——M;Z” - =Q2exp[§xL<v>—§+2
where | =—2[5dxIn(x)/[x*—x+1]=2.3439. At
=Q?(4exd2(1+21/3)—5/3])=Q? 127.

Figures 1 and 2 and Table Il give the results for the eigenvalue of the NLO BFKL
kernel. We have used the QCD parameter=0.1GeV which corresponds tag
=47/ BoIn(Q¥A?)]=0.2 atQ?=15 Ge\~.

One of the striking features of this analysis is that the NLO value for the intercept of
the BFKL Pomeron, improved by the BLM procedure, has a very weak dependence on
the gluon virtualityQ?. The minorQ? dependence obtained leads to approximate scale
and conformal invariance. Thus one may use conformal symf@tigr the continuation
of the present results to the case0.

2
1+31]], (12)

have QY3 %(0)

r=0 we

Note that the application of fast apparent converg&ramed the principle of minimal
sensitivity"* to the NLO BFKL eigenvalue problem lead to difficulties with the conformal
weight dependence, an essential ingredient of BFKL calculations.

It is worth noting also that since the BFKL equation can be interpreted as the
“quantization” of a renormalization group equatiithe effective scale should depend

TABLE Il. The NLO BFKL Pomeron intercept in the BLM scale setting within non-Abelian physical
schemes.

Scheme rem(0) aftM — 1= wg (Q3,0)
(Ng=4) Q%=1 GeV? Q?=15GeV\? Q?=100 GeV
MOM £=0 —13.05 0.134 0.155 0.157
£=1 -12.28 0.152 0.167 0.166
£=3 -11.74 0.165 0.175 0.173
Y —-14.01 0.133 0.146 0.146
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on the BFKL eigenvalua, associated with the Lorentz spin, rather tharvoiThis issue
and other recent approaches to the NLO BEKwill be discussed in more detail in the
extended version of this work.

To conclude, we have shown that the NLO corrections to the BFKL equation for the
QCD Pomeron become controllable and meaningful provided one uses physical renor-
malization scales and schemes relevant to non-Abelian gauge theory. BLM optimal scale
setting sets the appropriate physical renormalization scale by absorbing the non-
conformal 8-dependent coefficients. The strong renormalization scale dependence of the
NLO corrections to BFKL resummation then largely disappears. A striking feature of the
NLO BFKL Pomeron intercept in the BLM approach is its very we@k dependence,
which provides approximate conformal invariance.
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Improvement of perturbation theory in QCD for ete”
—hadrons and the problem of «4 freezing
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A method of improving perturbation theory in QCD is developed which
can be applied to any polarization operator. The case of the polarization
operator1(g?), corresponding to the processe” — hadrons, is con-
sidered in detail. By the use of the analytical propertieEl662) and a
perturbation expansion dii(q?) for <0, the function InbI(q?) at
g°>0 is defined in such a way that the infrared pole is eliminated. The
convergence of the perturbation series fdR(g?)=o(e*e”
—hadrons)/é*e”— u" 1) is improved. After substitution oR(q?)

into the dispersion relation an improved Adler functibiiq?) is ob-
tained, having no infrared pole and a frozeg(q?). Good agreement
with experiment is achieved. @999 American Institute of Physics.
[S0021-364(99)00215-7

PACS numbers: 12.38.Bx, 13.65.

It has been well known for years that perturbative calculations of amplitudes in field
theories are legitimate if the virtualitiéé of all external legs are negati\/gz,< 0. In this
case the polarization operators and vertex functiows- and three-point functionsare
off mass shell and have no singularities. However, in order to get physical predictions, it
is necessary to go thz>0 (at least for some of themThis can be achieved by analytical
continuation using known analytical properties of the amplitudes. A typical example is
e"e” annihilation into hadrons in QCD. The total cross sectiqe’ e — hadrons) is
proportional to the imaginary part of the polarization operdﬂ%(qz) of the virtual
photon atgq®>0. At large enoughy?<0 the operatoﬂw(qz) can be calculated pertur-
batively in QCD in terms of an expansion in the running coupling consta4?)
=47/ BoIn(—cf/A?). The tensor structure dil,,(q) is

H,u,v(q):(quv_qzép,v)n(qz)a (1)

wherelI(g?) is an analytic function ofj? in the whole complex)? plane with a cut along
the positiveq? semiaxes. Analytical continuation frog?<<0 to g>>0 results in the
substitution INg¥A?)—In(Q¥A?—im, Q%=|qg?|. Since smallag corresponds to large
In(Q%A?), the standard procedursee, e.g., Ref.)lis to consider INQ¥A?) as large
compared withrr and to perform the expansion i 7/In(Q%/A?). However, in practice
it is not a good expansion parameter. At the typical scale’ad~ annihilation, Q?
~10GeV? and A ~300—-400 MeV, one has I@f/A?)~4-5 ands~0.7.

0021-3640/99/70(3)/4/$15.00 161 © 1999 American Institute of Physics
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In this paper we present a systematic method of improving perturbation theory in
QCD, which is free from this drawback. BesideSe~ annihilation, this method can be
applied to any polarization operators, for example, to those used in the QCD sum rule
approach. The idea of the method has been suggested by Radyushéticonsidered
also by PivovaroV, but many important features and consequences of this method were
not touched upon in Refs. 2 and(i® particular, Eq.(10) below was not obtained and
analyzegl. Consider the Adler function

dIi(g?) o zfoo R(s)ds @
do? 0 (s—q*)*
where R(s)=o(e"e”—hadrons)f(e"e”—u"u™). In the parton modeR(s)=R,
=334 eé, whereeg, is the charge of the quark of flaver It is convenient to write:
D(g%)=Ry(1+d(g%), R(g*)=Ry(1+r(g?)), I(g*)=Ry(1+p(a?)). ()

Equation(3) implies the equation

D(g®)=-0”

dp(g®)
d(g?)=-q? : 4
(99)=—q a7 4
which has the solution
2ds
pta?)—p(ut)=— [ % Sl ©
W
r(g®) is proportional to the discontinuity qi(q?) at q>>0:
((0P)= = Im p(a?) = 5 [p(cP+ie) — p(?—ie)] (6)
T 2qi '

At negativeq?<0, g2= — Q? the perturbation expansion d{Q?) in the MS renormal-
ization scheme is known up to the third order:

d(Q¥)=a(1+d,a+d,a?), d;=1.986-0.115;,
d,=18.244-4.216N;+0.086N2, 7

wherea(Q?) = as(Q?)/m, N is the number of flavors and the small gluon—gluon scat-
tering terms are omitted. With the same accuracy, the three-loop expressioy @)
in MS is given by’

4 2B, InL  4p2 1\2 5
a(Qz):—Lll—%T flz (lnL_E) +IBZBZO_Z ], (8)
Bo Bo BoL 81
whereL =In(Q%A?) and
2 19 5033 325 5
Bo=11-ZN;,  B1=51- 5 Ni, B;=2857- ——Ni+ = Nf. 9

Substitution of(7), (8) into (5) and(6) leads to perturbative corrections up to the third
order in the physically measurable quantifg?). By taking the discontinuity, any de-
pendence on the normalization pojaf is eliminated. It should be stressed that in such
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a calculation no expansion in/In(Q%A?) is performed — the only assumptions used
(which are actually not assumptions but theorgn@e the analytical properties of
I1(g?). The result is ¢>=0):

2)_i N =y +1—kt]+ )2dl :
r(q T B 5 [n(7T7') Kkt] 5 S
pi 1 B2Bo
+16,8_§7T [( 831 —l)t-l—K(l t2)|n(177)+t[|n2(7TT) « ]]
:81 1 4 3 ¢
o (:30) w"‘r“(t In(m7)+ 5|+ 5 x(1-t%) +d2(ﬁ_0) a0 10
where
2
:%Ini—, r=(1+t%)Y2 K:g—al’ctart, o

The essential features ¢10) are: 1 unlike the standard perturbation expansiofg?)

has no infrared poles a?=A2 and tends to a finite limit a>—0, viz., r(0)=4/8,
~0.414, corresponding tas(0)=4m/By~1.3, and all higher order terms vanish;tBe
convergence of the perturbation serieg10) is much better than for the standard ones:

the ratio of the second-order term to the first-order term is smaller than 0.2 everywhere,
and the ratio of the third-order to the second-order term is less than 0.1, while in the
standard approach the ratio of the third-order term to the second-order term exceeds 0.5
below q?=10 Ge\? and is larger than 1 a’— 1 Ge\?; 3) the a, corrections given by

(10) are remarkably smaller in the low-energy domaji—5 Ge\?, than the standard
ones, e.g., atj’=1 Ge\? one findsr (Eq. (10)) /T gang=0.72.

In order to getr (g?) at some lower values af? by starting from the value of at
the Z-boson massgg(m,), which is now rather well known, it is necessary to use the
renormalization group equatiof®) and perform matching at the thresholds of new flavor
production forb andc quarks and, if we would like to go tg?°<1 Ge\?, even at the
s-quark threshold. This matching procedure introduces some uncertainty. The matching
may be performed atr, (or, what is practically equivalent, aty andmy,,) or atmy.
The former seems to be preferable in the case’@ annihilation for obvious reasons.
There are some arguments in favor of the latter choice, based on minimal sensitivity of
the results to the matching-point valtién the standard approach the results are rather
sensitive to the choice of matching points — the ratia’sfin the two above mentioned
cases is about 1.10-1.15 gt—5 Ge\?. We calculated the> dependence of (q?)
starting from the poinq2=m§ and going down. The value(mf) was found from the
requirement thatas(mg) determined in the standard way have the vakugmg)
=0.119+0.002 (Ref. 9. Then A5=230"5/MeV was found. In the evolution down to
lower energies a matching ofq?) at the masses oY, J/ i, and ¢ was performed,
resulting inA,=335'33MeV, A;=414"%MeV, and A,=490"3;MeV. It was found,
in particular, thatwr(l GeVz) 0.41. If mstead of matching at quarkonium masses a
matching atm, were done, the values of(g%) would be only 4% smaller below?
=10 Ge\?, practically independent d@2. Therefore this method has also some advan-
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tages in this regard. The performed comparison with experiment demonstrated good

agreement starting afq?=0.7 GeV, i.e., in a much broader interval than in a recent
papert®

After substitutingr (g?) given by (10) into the dispersion relatiof2) we get back
the Adler functionD(g?). The improvedﬁ)(qz)impr obtained in this way has the correct
analytical properties and no unphysical singularities. Therefore the procedure adopted
here has an important advantage: the required analytical properties of the Adler function
are restored. ID(qz)impr is represented in terms of an improved effective QCD coupling
constantas(qz)impr, this would mean tharzs(qz)impr has no infrared pole and is frozen at
g?—0. In this respect our approach has some resemblance to the approach of Shirkov and
Solovtso¥! (see also Ref. 12 where the condition of analyticity of¢(q?) in the cut
complexqg? plane was imposed. The difference is that we exploit the analyticity of the
polarization operatofl (g?), which is a rigorous result in field theory, and do not use any
hypothesis about analyticity af(q?).

The method of defining the improved QCD coupling consbasmtqz)impr in terms of
D_(qz)impr looks very promising. For this goal, perhaps, the most suitable is to use not the
MS but the Brodsky—Lepage—Mackenzie renormalization schiémderee™ e~ anni-
hilation is considered as the basic process for the definition 0§?), with no higher-
order a4 corrections. This problem requires further investigation.

The method presented above can be applied to the treatment of perturbative correc-

tions to any polarization operators and may therefore lead to improvement of the QCD
sum rule approach.

This work was supported in part REBR Grant 97-02-16131.
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A new method is proposed for setting a lower or upper liafiton the
neutron electric polarizabilityy,,. It is based on the fact that the real
part of thes-wave scattering amplitude changes sign nearsti@ave
neutron resonance Bt=E*. The methods consist of the observation of
the energy behavior of the forward—backward scattering asymragtry
which experiences a jump dE=E*. If the jump is such that
dw,/dE>0, thena,>a} , while if dw,/dE<O0, thena,<aj , and if
dw,/dE~0 thena,~ a} . Seven even—even nuclei are found with
from 0.5 to 3.1 in 103 fm®. Some details of a possible experiment with
AN are described. €1999 American Institute of Physics.
[S0021-364(09)00315-1

PACS numbers: 25.40.Fq, 14.20.Dh

1. All of the methods that have been used up to now to evaluate the neutron electric
polarizability «, consist of the extraction of a very small, effect against a large
background caused by the strong nuclear interaction. As a result, all of them are essen-
tially quantitative methods. The method we have found is, in essence, a qualitative one
though it is also connected with the observation of a very small effect.

It is knownt~3 that thea,, effect can be observed in the neutron eneff§ydepen-
dence of the forward—backward asymmetry coefficient

_0‘(0)_0'(77)
175 (0)+ o ()

(a(9) is the differential scattering cross sectidar neutron scattering by heavy nuclei

at smallE. The behavior ofw,(E) is mostly determined by the interference betwsen

and p-waves and is illustrated in Fig. 1, wheeg is calculated for differenty,, for the

233 nucleus as if it had no neutron resonances. This picture is obtained using the
approximate expressions

()= (fy+f,c089)?, (1)

w,=2f, /g, 2
wheref is the swave scattering amplitude and

f=1fy+ 5 &)

0021-3640/99/70(3)/5/$15.00 165 © 1999 American Institute of Physics
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FIG. 1. The dependence af, on the neutron energy and for variows (in 103 fm®) for 23U nuclei when the
resonances are not taken into account.

is the sum of the nuclear and polarizability contributions to phe&ave amplitude. For
233, they are

fo=-9.4 fm, fY=-1.09x10"°E fm, fP'=5.05x10"%a,JE fm (4

(here and belowE is in eV, a,, is in 10 *fm®) andw,(E) is as in Refs. 1 and 3. The
main peculiarity in Fig. 1 is that each,>0 curve intersects the abscissa at a certain
energyE’. This means that th@-wave amplitudef,; changes sign from positive at
E<E' to negative aE>E' provided only thaff, is simply the positiveswave scatter-
ing radiusR; taken with a minus sign.

In spite of a largex, contribution tow; at eV energies it is hardly possible to obtain
the corresponding curve,(E) experimentally because this requires not only a measure-
ment accuracy-10 ° but also an equal degree of removal of various distorting effects.

2. Instead of measuring the whole curwg(E) we think it is possible to evaluate,
by investigatingw, only nears-wave resonances, using a wonderful property of theirs.
Such a resonance with energy for an even—even nucleus leads to the circumstance that
the total swave amplitudef, (a potential ofR} plus resonantbecomes zero aE*
=E,—I'/2kR; (k and ', are the resonant values of the neutron wave number and
neutron width while f;<0 atE<E* andf,>0 atE>E*. So, according t¢2), w, also
changes sign a@* from plus atE<E* to minus atE>E* if f;<0. If f;>0, thew;
situation is opposite. In turn, the sign bf, as we have already seen, dependspmand
E, becausé? andfﬁ"' in (3) have opposite signs and differdatdependences. Thus the
observation of any changes in the signugfat a certairE* from plus to minus or minus
to plus gives at minimum an upper or lower limit af,, respectively.

3. All necessary calculations can be performed using instead of @xs(4) the
following equations based on Ref. 4:

(T(”L‘})zBo‘FBl COS‘?, w1=BllBo, (5)

1 1 T2 I, sin 85(AE cos 8+ sin 5,/2)
Bo=—| Sir? 8o+ 3 sir? 8, + — L e , 6
Ce ° Y4 AE2+T Y4 AE2+T2/4 ©
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1
Bl:ﬁ 6 sin &y Sin 61 €OS(8y— 61)

3I,, sin 61] AE c0s(28y— 61)+ T sin (28¢— 61)/2]
AE?+T?/4 '

(7)
Here, the phase shifts are the sums of nuclear and polarizability terms:

T2
1—2k C, 8

8o=— kR 6kC 8= lkRsz’

0= ~KRy T ¢ Ry’ 1=~ 3 (KRR +
where R} and R] are thes- and p-wave scattering radiiR=1.35A"*m and Rq
=1.20 A¥*m are the channel and charge radii=M ,a,(Ze/%)? is a constantM, is
the neutron mass, and is the charge number of the nucleus. Also E@. and (7)
contain the total widtH™ of the resonance andlE=E — E,,.

To choose a proper resonance which can give a suitably low limitfgrit is
necessary to solve the equatiép=0 at the energ¥* of this resonance. As a result, Eq.
(8) gives

AZRR;\E*

* __
a,=14 22

whereR; is in fm andE* is in eV. It is just the value ofy, for which one must not see
any peaks ofw; aroundE*. A w; jump will be observed there witdw,/dE<O0 if a,
<a} and withdw, /dE>0 if a,>a} .

4. Unfortunately, the even—even nucféfU and?32Th have a lot ofp-wave reso-
nances, which maké, irregular and are therefore unsuitable for our purpose. We find
only seven suitable nuclei whose fisstvave resonances do not give too high a value of
a} and have no knowp-wave resonances at low energies. They are enumerated in Table
1 together with the necessary parameters. The approximate val&saoé obtained for
six nuclei from Ref. 5 by interpolation and %AV from Refs. 6 and 7. The scattering
cross sectiows=4mB, and capture cross sectian, are given forE=E*.

Two most informative nuclei have been chosen to illust(aée Fig. 2the proposed
method ofa,, observation. Doppler broadening is taken into account by the correspond-
ing integration of(6) and(7) and of the cross sections; and o, in Table I.

5. Turning to the question of experiment, we should emphasize first that there is no
need to try to obtain a “clean” picture ab, like those in Fig. 2 wherw;—0 (or to a
small value on both sides ofE*. The presence of some secondary effects, such as
scattering anisotropy in the laboratory system, different detectors at different angles,
moderate backgrounds of various natures, etc., which cannot simulate a false jwmnp in
atE*, is quite permissible. This is the main advantage of our method.

At the same time, the implementation of the proposed method involves considerable
difficulties. Principal among these are the necessity of having a large amount of a high-
purity isotope for fabricating a scatterer and the necessity of accumulating very high
statistics.



168 JETP Lett., Vol. 70, No. 3, 10 August 1999 Mitsyna et al.

TABLE I.

Nucleus | R}, fm R;, fm Eo, eV E*, eV at,10 3 fm? os, b o, b
S8Hg 10.3 4.5 23.00 22.69 1.7 1.2 300
120s 9.3 6.0 38.73 37.37 3.1 0.072 35
R 9.0 3.0 4.16 3.94 0.5 0.23 260
o8t 7.5 6.8 7.78 2.29 0.9 0.0004 16
00t 7.5 6.8 7.93 6.34 15 0.0076 33
1%b 7.3 8.0 8.13 7.95 2.1 0.67 380
py 7.5 10.0 5.44 2.71 1.6 0.0058 72

The isotope'®3W seems to be the most promising tool for set the first experimental
lower limit of «,,. The experiment can be carried out at Dubna on the 10-m flight path of
the booster IREN, which is under construction, at a neutron intensity of 2.7
X 10PE %®cm 25 leVv! (E in eV). It is necessary to build a setup consisting of an
aluminum vacuum tube about 4 m long and two identical detectors consisting of many
3He counters. The neutron beam goes inside the tube and hits a scatterer whose plane is
at an angle of 45° to the beam. One of the detectors is situated around the tube and counts
neutrons scattered backwards. Another detector is set near the tube and counts neutrons
scattered aroun@d=90°. In order to distinguish with confidence one type of singular
picture from another, it is sufficient to colleet5x 10'° counts in the area of a smaller
w1 peak(negative ifa,,<0.5, positive ifa,>0.5, or about zero ifr,,~0.5) with a width
of ~0.18 eV. Using~1000 g of an isotope enriched to 99% as a scatterer in a beam 40
cm in diameter, one will have an average-over-peak neutron outlet probability of
~7x10 3. The necessary statistics can then be reachedl1i®0 days if each detector
has a solid angle of 10% of#and an efficiency of 40%.

176

-
-

i 6 7 8
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FIG. 2. The singular pictures near the 4.16 eV resonanc¥af and the 7.93 eV resonance YfHf for
different a, .
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In conclusion, some additional difficulties that the experimentalist may face should
be also mentioned. They are the background of delayed neutrons from the booster which
are scattered by the target into the detectors, and the background of fast neutrons scat-
tered into the room and re-scattered to the detectors. To avoid overloading the electronics
it may be necessary to unlock the detectors only for the investigated interval of the time
of flight.

This work has been made with the RFBR support, Grant 97-02-16213.
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A surprising new escape channel for ultracold neut®@GNS) in traps

was reported recently. It could be relevant to the long-standing puzzle
of the “too high” loss rate of UCNs from traps, which has yet to be
completely understood and eliminated. In the present work we posi-
tively identify the new phenomenon and investigate it in detail. The
escape of UCNs from traps is due to rare events in which their energy
undergoes a small increase 10’ eV). The reason for such an energy
gain and its impact on the physics of UCN storage is still to be inves-
tigated. © 1999 American Institute of Physics.
[S0021-364(99)00415-9

PACS numbers: 28.20.Gd

Storage of ultracold neutron®JCNs, E~10" eV, V~5m/9 in traps is a unique
tool in fundamental physics experiments, particularly for precision measurement of the
neutron lifetime. The total reflection of UCNs from trap walls allows their storage in
closed traps. Thermal equilibrium is not achieved between such trapped neutrons and the
walls: UCNSs reflect elastically from trap surfaces up~+d0° times in succession, al-
though the surface temperature 4s10° times higher than the temperaturel0 3K
corresponding to the UCN kinetic energy. Inelastic upscattering of UCNs results in a
neutron energy in the-kT range* UCNSs could be also absorbed in a surface. However,
these two known loss factors at trap walls are not sufficient to account for the too high
loss rate of UCNs from traps. This is particularly evident in the so-called anomalous loss
of UCNs on a beryllium surface: an additional temperature-independent loss with a
probability of ~10~° per collision? A general and detailed overview of UCN physics
and the application of UCNs in fundamental physics, covering the time period until
1990-91, can be found in Refs. 3 and 4.

Unsuccessful attempts to achieve the theoretically predicted long storage times con-
strain the progress in experiments involving UCN storage. Also, the poor storage times
indicate a complementary phenomenon that is not yet understood. Such inconsistency has

0021-3640/99/70(3)/6/$15.00 170 © 1999 American Institute of Physics
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FIG. 1. Diagram of the setupt — gravitational spectrometef — entrance shutter3 — polyethylene
absorber4 — curved neutron guidés — UCN detector — thin Al foil, 7— monitor detector8 — samples.

stimulated searches for UCN upscattering to a different energy range than the standard
thermal range.

UCN loss from traps as a result of surprising events involving a small increase in the
energy of stored UCNs has been reported in several publicatiéis.the present work
we positively identify such a process. The energy gain is due to an interaction of UCNs
with the trap surface and is approximately equal to the initial UCN kinetic energy of
~10 "eV. In this article we investigate events involving a small increase or decrease in
energy of UCNSs in traps.

We used the method of UCN spectroscopy in the Earth’s gravitational field. It is
adequate in the investigated energy range-df0 ' eV, which corresponds to a jump
height of ~1 m in the Earth’s gravitational field. UCNs and “slightly heated” neutrons
are stored simultaneously in one volume. A diagram of the setup is shown in Fig. 1. A
more detailed account of the setup and the method of measurement is given in Refs.
5, 6, 8 and 9.

UCNSs from a source via an entrance neutron guide fill the gravitational spectrometer
(= storage volumel. They are trapped in it when the entrance shi2tes closed. The
gravitational spectrometer is a cylinder with a diameter of 60 cm and a height of 200 cm,
pumped down to a residual pressure~o£0~° torr. It is made of polished stainless steel.
The critical energy is-190 neV (ng-1 cm=1 neV). Inside the spectrometer a polyeth-
ylene absorbing disB is installed. It moves up or down along the total spectrometer
height. UCNs with energ¥>mgh,,s.-(Wherem is the neutron masg, is the accelera-
tion in the Earth’s gravitation field, anl,,s,,is the absorber height above the bottom of
the spectrometgican penetrate in the absorber. The absorber has no reflecting potential
and it has high upscattering cross section. Such properties provide perfect absorbing
efficiency. The kinetic energy of a neutron that has been upscattered in the polyethylene
is in the~KkT range. Such a neutron is not trapped. It leaves the spectrometer. Thus, after
UCNSs have filled the spectrometer and have been stored in it for some\iitiethe
entrance valve closgedthe spectrum is shaped so that there are no neutrons in it with
energyE>mghy,..- A 3He gaseous UCN detectBrwith a thin Al entrance window is
installed ~1 m lower than the bottom of the spectrometer. It is connected to the spec-
trometer via a curved neutron guideThe curvature of the neutron guide allows protec-
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FIG. 2. Time dependence of the count rate of neutrons penetrating through the Al foil in the stainless-steel
spectrometer. The lower curve corresponds to a fixed-height absorber. The upper curve corresponds to an
absorber that is raised up 80 s after the entrance shutter is closed. The background has been subtracted.

tion of the detector against thermal neutrons produced in/on the separatir@) god
spectrometer surfaces. Besides, this neutron guide provides an increase in the efficiency
of UCN detection due to their acceleration in the Earth’s gravitational field. Such increase
in the UCN velocity allows their easier penetration through the potential barrier of the
detector’s Al window. The curved neutron guide and the detector are separated from the
storage volume by a vacuum-tight 1QuBa-thick Al foil 6. The UCN flux in the spec-
trometer is measured with a monitor detectpwhich is analogous to the main detector

5. It is separated from the storage volume by a thick foil with a small cn?) hole.
Samples3 with a large surface area can be placed on the bottom of the spectrometer.

Separation of the storage volume from the detector by a vacuum-tight Al foil with a
critical energyE,~52neV allows detection of UCNs with enerdy>52neV only.
During filling the absorber is at a lower height,.,<E, /mg (in the present measure-
menth,,so7= 46 cm. The count rate is expected to fall rather rapidly to the background
level after closure of the entrance shutter. The characteristic time for this decrease cor-
responds to the cleaning time for UCNs with eneBjy mgh,s,. In fact, after this fast
dropoff of the count rate with the expected characteristic time there is still some count
rate significantly above the background. This count rate decreases in time in parallel
(with the same characteristic tilmaith the UCN density in the spectrometéfig. 2,
lower curve. After raising the absorbeffor ~12 s, starting 80s after closure of the
entrance shuttgthe count rate increases by25 times(Fig. 2, upper curve We believe
that the only reasonable interpretation for such data is a small gain in energy of the stored
UCNSs that allows them to overcome the potential barrier of the Al separating foil.
Neutrons with energ¥ ,<E<mgh,,sorare not absorbe@vhen the absorber is raised
and they are detected more efficiently than with the absorber down.

The generation of these slightly heated UCNs in traps is similar to a vaporizing
process. We therefore call them VUCNSs. Raising the absorber to different heights allows
measurement of the VUCN spectrufig. 4).
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FIG. 3. “Integral” spectrum of cooled-down neutrons in the stainless-steel spectrometer. The squares corre-
spond to the number of cooled-down neutrons versus the absorber height during the spectrum @leaning
absorber height during filling is 160 omThe circles correspond to a fixed-height absortyéackground*
measuremeint

For studies of this process at different surfaces the corresponding samples were
placed inside the spectrometer, and the additional rate of generation of VUCNs was
measured. For many samples it was relatively low compared to the generation rate at the
spectrometer walls. We therefore later replaced the stainless-steel spectrometer by a
copper cylindrical spectrometer with a diameter of 20 cm and a height of 180 cm.

Reverse(as compared to an increase in energy of the UC&&nts involving a
decrease in energy were measured in the stainless-steel spectrometer. jAntthisk
Al foil was installed just above the entrance shutter. At the spectrometer exit a shutter
replaced the thin separating foil that had been used in the measurement of an increase in
energy. After UCNs have filled the spectrometeith the exit shutter closgdhe en-
trance shutter is closed also. The UCN spectrum in the spectrometer is shaped so that
there are no neutrons with energy<E or E>mghypgo yp. If, after some time period,
the absorber is moved down to a height lower tBEap/mg (in the present measurement
hapso= 46 cm), then it absorbs all the UCNSs in the spectrometer. If some of the UCNs are
downscattered to an enerdy’mg<<46 cm, then those neutrons survive because they
never hit the absorber. Later they are counted when the exit shutter is(Bjgerd).
Variation of the maximal absorber heigtduring filling and storageand the minimal
absorber heightduring cleaning permits estimation of the energies from/to which the
UCNs are downscattered.

The generation rate for both measured proce§sesease and decrease in energy of
UCNS) is proportional to the surface area. This indicates that it is collisions of UCNs with
the surface that are responsible for the phenomenon of small energy changes.

The average probability of UCN heating to VUCN range equals the ratio of the
VUCN generation rate to the UCN surface collision rate. The storage times for UCNs and
VUCNSs in the spectrometer, the collision frequency, and the detection efficiency for
VUCNSs depend on energy. Therefore the estimation of the average heating probability
should be based on a precise knowledge of the initial spectrum, its evolution, the VUCN
spectrum, and the spectral dependence of the VUCN detection efficiency. A significant
disadvantage of the present setup is its complete insensitivity to VUCNSs with energies in
the approximate rang&<E, +15neV. Such slightly above-barrier neutrons do not
penetrate the foil efficiently because of the high probability of back reflection and losses
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TABLE I.

Sample w1074 P,.-1077 P_.10"7
Surface of stainless-steel 18.3+0.2 >5.5+0.4 1.0-0.1
spectrometer

Surface of copper spectrometer 12@5 >0.68+0.13

Sample of stainless steel 624 >3.1+0.6

Degassed sample of stainless steel a ()NC] >1.4+0.3

Sample of beryllium ~5.0 >1.0+0.25

Degassed sample of beryllium <1 >1.0+£0.25

In the columns: 1) The sample material.”¥) The loss probability under the assumption of a 46 neV
UCN monoline spectrum and for the experimentally measured storage tiffles.o8ver bound on the
probability P of an increase in energy, calculated using the model described aB®v&hé probability

P_ of a decrease in energy. The actual values of the probability of an increase in energy are significantly
higher than the minimum estimates presented here.

in the foil. On the other hand the present setup and methods in principal allow direct
measurement of just such changes in energy that cause UCN losses in standard storage
experiments. Also the probability estimate depends on whether one uses a model of
one-step or many-step changes in energy.

We therefore present only lower bounds on the heating probabilities and leave more
accurate estimations for the future. We assumed here a one-step process, monolines with
energies 46 neV and 110 neV, respectively, for the UCN and VUCN spectra, and equality
of storage times for UCNs and VUCNSs. Each of these assumptions corresponds to the
most conservative, lowest estimate for the heating probability.

The estimate for the probability of a small decrease in UCN energy is almost model-
independent.

The estimates are listed in Table I. The stainless-steel sample was degassed at
~1100 K for ~30 min. Such heating of the sample decreased the magnetic permeability
by ~10° times, but the VUCN generation did not change significantly. This means that
VUCN generation has no direct relation to the ferromagnetic properties of the sample.

Investigation of the VUCN spectrum in the stainless-steel spectrometer shows that it
is shaped from above at the energyt10 neV, while the initial spectrum was shaped at
~46 neV (Fig. 4). It should be underscored once again that the setup is insensitive to
VUCNSs with energies in the approximate rarge E, + 15 neV. Therefore Fig. 4 could
be used only for qualitative estimation of the VUCN spectrum.

In Fig. 3 the number of cooled-down neutrons is shown versus the minimal absorber
height. This corresponds to the integral spectrum of cooled-down neutrons.

We have verified and positively identified the new phenomefiofia small energy
heating of UCNSs at trap surfaces, which causes additional losses of UCNs from traps.
The nature of these energy changes is not quite clear yet.

At a stainless-steel surface the kinetic energy for some UCNS increases at most by
about a factor of two. The probability of such an energy gain is higher tha® © per
collision. It does not depend strongly on the loss coefficient and magnetic permeability of
the material. This seems to contradict the idea of quasi-elastic scattering of UCNs on
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FIG. 4. “Integral” VUCN spectrum. The circles correspond to VUCN generation at the stainless-steel spec-
trometer walls. The triangles correspond to VUCN generation at a stainless-steel sample in the copper spec-
trometer. The square is for a fixed-height absorber in the stainless-steel spectrometer.

surface hydrogen impurities is also at odds with a linking of the process to the ferromag-
netic properties of the wall materials. The measured absolute probabilities and their
gualitative behaviofktheir independence of the standard inelastic scattering probability
contradict the results presented in Ref. 7. However, the different energy spectra measured
in these experiments do not allow a clear comparison. We have also identified for the first
time a small energy increase for UCNs at copper and beryllium surfaces. This indicates
that the phenomenon is of a universal nature.

We have also measured events involving a small decrease in energy of UCNs at
stainless-steel surfaces. This phenomenon was earlier reported in Ref. 10. It probably has
a common physical cause with the small heating of UCNs. The probability of such a
decrease in energy is at least 10 times lower than that for an increase in energy.

In the future we intend to measure directly the impact of the small energy heating on
UCN storage times and particularly on the additional “unavoidable” anomalous UCN
losses. The temperature dependence of such a process is of significant interest because it
could clarify the nature of this effect.

*Je-mail: nesvizhevsky@ill.fr
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A formalism is developed for evaluation of the transverse momentum
dependence of the cross sections of radiation processes in a medium.
The analysis is based on the light-cone path integral approach to the
induced radiation. The results are applicable in both QED and QCD.
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It is well known that at high energies, multiple scattering can considerably modify
the cross sections of radiation processes in a medfuRecently this effectcalled the
Landau—Pomeranchuk—MigdéLPM) effec) in QED and QCD has attracted much
attentiori 1% (see also Ref. 11 and references therdimRef. 6 we developed a rigorous
new light-cone path integral approach to the LPM effect. There we have discussed the
pt-integrated spectra. For many problems it is highly desirable also to have a formalism
for the pt dependence of the radiation rate. In the present paper we derive the corre-
sponding formulas. Like those of Ref. 6, our results are applicable in both QED and
QCD.

For simplicity we describe the formalism for an inducaé-bc transition in QED
for scalar particles with an interaction Lagrangiap=X\[; 2 a+ i heiby] (it is
assumed thanh,<my+ m; and that the decag— bc is absent in vacuuinThe S-matrix
element for thea—bc transition in an external potential reads

<bCI§|a>=if dtdrh oy (6,1) g (1) gha(t,r), (1)

where; are the wave functionncoming fori =a and outgoing foi =b,c). We write
Y as

pi(t,r)= exg —i(t=2)p;i Ji(t.r). 2

1
V2E;
We consider the case when the partialeapproaches the target from infinity, and nor-
malize the flux to unity(it corresponds td¢;|=1) atz=—c for i=a and atz=o for

i=b,c. The case when the particieis produced in a hard reaction in a medigon at a

0021-3640/99/70(3)/7/$15.00 176 © 1999 American Institute of Physics
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FIG. 1. The diagram representation of the inclusive specif&inta), and(7) (b).

finite distance from a mediumwill be discussed later. At high energi,;>m;, the
dependence of; on the variabler=(t+z)/2 att—z=const is governed by the two-
dimensional Schidinger equation

Rz

'E:Hi(ﬁi: (3

H 1 /9
" 2ulap

2 m2

i
+eiU+2—Mi, (4)

where uij=p; ,, p is the transverse coordinate, is the electric charge, and is the
potential of the target.

In the high-energy limit one can obtain frofm), (2) the inclusive cross section
d°c

dxdapdg,

2
2 Ref dpldPZJ dz,dz, 9(F(z1,p1)F*(22.p2)) , 5
(2m) 312

where F(z,p)=¢p (t,r) % (t,r) pa(t,r)|i=2, doc are the transverse momenta,
X=Pp,./Pa, (Note that for the particle p; ,=(1—X)pa,,), 9= )\2/[16a-rx(1—x)E§], and
(...) means averaging over the states of the target. Since the wave functiongs¢nter
only att=2z, ¢; can be regarded as functionszéndp. In the Schrdinger equatior(3)

z will play the role of time. We represent tlzadependence of; in terms of the Green’s
functionK; of the Hamiltonian4). Then, diagrammatically5) is described by the graph

of Fig. 1a. We depicK; (K{) by — (+). The dotted line shows the transverse density
matrices at large longitudinal distances in front pf(z;) and behind £=z;) the target.

We will consider first they.-integrated spectrum. For the sake of generality we assume
that all the particles are charged in this case. Later we will give the formula for the totally
inclusive spectrum when at least one of the final particles has zero charge. For the
ge-integrated case the transverse density matrix for the final padidegiven by ad
function, and by making use of the relation

f dp.K(p2,22|p1,20)K* (p2.25|p1,21) = 8(p1— p1) (6)

one can transform the graph of Fig. 1la into that of Fig. 1b. The corresponding analytical
expression reads



178 JETP Lett., Vol. 70, No. 3, 10 August 1999 B. G. Zakharov

d30' 2 . ’
dx—dqb: W Re| dpy, tdpy, (dppdprdpadp,dpsidp, i eXH—idb: (bt Py 1)]

Zf Zf ! ! ! !
XL leL dzzgso(l’b,fan,f:Zf|Pb1Pb,Zz)M(Pb-Pb122|Pa'Paazl)
i 1

XSa(paapévZZ“’a,i vpél,i 'Zi), (7
where

Si(p2.P2.22|p1,p1,21) = (Ki(p2,22|p1,20) K] (P22l p1 1 21)) (8
is the evolution operator for the transverse density matrix, and the fitisrgiven by

M(p2,p3.25|p1.p1,21) =(Kp(p2, 22| p1,21) Ke( P2, 22| 1, 20) K3 (P2, 22| p1,20)) - ©
We assume that the target density does not depensd dhen a considerable part of the
calculations can be done analytically.(B), (9) we represent the Green'’s functions in the
path integral form. In the corresponding path integral formulasSfandM the interac-
tion of the particles with the target potential after averaging over the target states turns
out to be transformed into the interaction between trajectories described by the Glauber
absorption factors. Fog, the corresponding absorption cross section is given by the
dipole cross sectiow;; for interaction with the medium constituent of thie pair. The
absorption factor foM involves the three-body cross sectiog,., which depends on the
relative transverse vectosg.= p,— p. and m,p=p,— Py, - The factorS; can be evaluated
analytically. The corresponding formulas are given in Refs. 12 and 6. The fdcafier
the analytical path integration over the center-of-mass coordinates can be expressed in
terms of the Green’s functiol,,. describing the relative motion of the particlesindc
in a fictitiousabc system. The formula foM can be obtained from that given in Ref. 6
by replacing the final transverse coordinpseby p, for the particlec. The expression for
the probability of thea— bc transition at a given impact parameter, which we obtain by
integrating analytically over all the transverse coordinégesept form,=p, ¢ —py ;) i
(7), has the form

d3p 2 cel d oo )
———=——Re exp(—iqy-
dxddg, (22 Th b 7

Zf Zf
XJZ leJZ dz, 9Py ( 7, ,22) Kol 7,22]0,2) P o( 72, 21), (10
i 1

where

q)a(Ta,Zl):eX[{— Uagéfa)J’Zler(z)

Tpul )

Zf
‘Db(fb,zz):exr{— > dezr\(z)

11

are the eikonal initial- and final-state absorption factbes)d r,=x=,. The Hamiltonian
for the Green’s functiorK,. reads
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/’Z_f\
N—c,

(@) (b)

FIG. 2. The diagram representation of the radiative correction to the probabiléty-af transition.

1 ( d )Z_in(z)o'gbc(Tbchab)_ [

Hpc= - -,
T 2upe | IThe 2 Ly

(12

where wp,.=EX(1—X), 7ap=—[7at+(1—X)7,], and Lf=2Eax(1—x)/[m§(1—x)
+m§x—m§x(1—x)] is the so-called formation length. i1), (12) n(z) is the number
density of the target. If the target occupies the regienz& L one can drop if10) the
contribution from the configurations with; ,<<0 andz; ,>L. This follows from the
relation for the Green’s functioK (. for the Hamiltonian(12) in vacuum:

~ _ * Mpc .
Rej0 de,gC(a-,z|O,O)—RefO dz(zwiz)exp[l

This allows one to rewrit€10) in another form:

:Ufbcf'2 z

2z L_f

}=O . (13

—3 = — dn ﬂ_. )fod fod { (T )
Re ex 1Qp - 7 Z Z )] ,Z
dqub (2 )2 b b" b 2 1 2 29 b\ b 42

X[ Kpe( 712510,21) = Kol 71y 125 0,21) 1P 5( 75, 21)

+[Pp(7h,22) — 1IKB (7,25 020)[ P 7a,21) — 11}, (14

which demonstrates explicitly that the configurations wiih<O andz; ,>L do not
contribute to the radiation rate. Equatioti€), (14) establish the theoretical basis for
evaluation of the transverse momentum dependence of the LPM effect.

The integration oveqy, in (14) gives thex spectrum

dP zt Zf
&=2Rejz d21JZ dz, g[Kpe(02,/0,2) — KP(0,2,]0,2) ], (15)
i 1

which we obtained earlier in Ref. 6. There it has been derived using the unitarity con-
nection between the probability of tlae—bc transition and the radiative correction to the
a—a transition. The latter is described by the diagram of Fig. 2a, which in turn, using
(6), can be transformed into the graph of Fig.22kt. can also be obtained directly from
the graph of Fig. 1b after integrating ovey.

In the low-density limit Eq.(14) can be written in terms of the light-cone wave
function W°:
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ng _ 1 ded ’ : ’ \I,bc*
dxday  (2m)? 7 exp(—igy- 7)Vy
X (X, 7= 7 ) T0abe( Toc Tan) Vo (X, 7)., (16)

where =7, 7p=—[(1—X)7+x7'], andT=fdzn(z). This formula can be obtained
from (14) by taking advantage of the representatior‘rl(ﬂuC in terms ongC which was
established in Ref. 7:

WX, 7)= fo dzK2(7,002).

ix
AE X (1—X)

When divided byT, Eqg. (16) gives a convenient formula for the Bethe—Heitler cross
section in terms of the light-cone wave function. It worth noting {i#) (and(10) and

(14) as wel) is valid if one can neglect the transverse motion effects on the scale of the
medium constituent size. This assumes that the typical valye,efz;| in (10), (14),
which can be regarded as the formation length associated with-thiec transition at a
givenqy, L¢(qp), is much larger than the size of the medium constituent. If the LPM
effect is not very strong thie;(q,,) can be estimated by replacirrgﬁC by mﬁyc+ qg in the
above formula folL . Note that forL{(qp)>L the radiation rate can be written in terms

of ‘Ifgc for an arbitrary target density. In this case the target acts as a single scattering
center and Eq(14) can be written in a form liké16) but with the productl o4, being
replaced by 21—exg—3Tog.]}. This representation generalizes the formula for the
ps-integrated spectrum derived in Ref. 13.

In the general case one can estimate the radiation rate using the parametrizations
ai=C; 7|2 v Oape™ Cab’éb"’ Cbc’%c"’ Cca’%a (here7c,=— (7ap* 7)) . Then the Hamil-
tonian (12) takes the oscillator form with the frequency
(1-1)
V2

whereC(x) =C,p(1—x)2+ C,c+ C.x2. The Green’s function for the oscillator Hamil-
tonian with thez-dependent frequency can be written in the form

n(z)C(x) |2

(z2)= EX(1—Xx)

Kosd 72.,2| 71,21) = Mexmi[am,zz)#ﬁ(zl,zznﬁ—y(zl,zszz]}.

2 i
7

The functionsa, B and y in (17) can be evaluated in the approach of Ref. 14. Then we
can integrate analytically oves, in (10), and represent the radiation rate as

P 1 RJ I ) p[ 9 i(zi-2)
=——Re 2dz, g —— expg — ,
dxdq (2m)°? 2,<7y ! ng(ZleZ) 4Q(z1,2y) Lt
(18)

where the factoQ(z;,z,) can be expressed through in terms of the paramégrsthe
functionsa, B, andy, andn. The formula for this factor is cumbersome to be presented
here.
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Consider now the case when the partiaelés produced in a medium or at finite
distance from a target. Equatid¢f0) holds in this case as well, but nozy equals the
coordinate of the production point. Given the representdti@hand making use of13),
one can obtain a formula similar {@4) but with[®,— 1] being replaced byp, in the
second term. Note, however, that, due to the infinite time required for the formation of
\ch, Eqg. (16) (and its analog for arbitrary density bBt(q,)>L) does not hold in this
case.

Let us briefly discuss the totally inclusive radiation rate. It can be evaluated almost
in the same way as thg.-integrated spectrum if one of the final particles has a zero
charge, as this occurs for tlee— ye transition in QED. Consider the case whey=0.
Since the particlec does not interact with the medium, the graph of Fig. 1la can be
transformed into a graph like that of Fig. 1b but with the propagktobeing connected
to the lowerabc vertex through the density matrix of the partideThe corresponding
formula[which is the analog of10)] reads

P 2
dxdgpdde  (24)2

Re| drydr.exd —i(qy- 7+ e 72) ]

Zt Zt
XL leL dz, gPp( 7, 20) Koo = 76,22|021) Po(7a,21), (19
i 1

wherer,=x7,+(1—X) 7.. Thezintegration in(19) can also be written as if14). In the
low density limit and at ;(q,)>L the initial- and final-state interactions vanish. For this
reason the analog ¢16) and a similar equation for arbitrary densityla{q,)>L which
can be obtained fronil9) are valid even when all the particles are charged.

The generalization of the above results to the realistic QED and QCD Lagrangians
reduces to trivial replacements of the two- and three-body cross sections and the vertex
factor g. The latter, due to spin effects in the vertax>bc, becomes an operator. The
corresponding formulas are given in Refs. 6 and 15.

The formalism developed here can be applied to many problems. In particular, in
QCD this approach can be used for evaluation of tpghiadron spectra, thp; depen-
dence of Drell-Yan pairs and heavy-quark productiom&collisions, and the angular
dependence of the parton energy loss in hot QCD matter produc®l aollisions. It is
also of interest for studying the initial condition for the quark—gluon plasm&An
collisions. Some of these problems will be discussed in further publications.

I would like to thank N. N. Nikolaev and D. Schiff for discussions. | am grateful to
J. Speth for the hospitality at FZJ littn, where this work was completed. This work was
partially supported by INTAS Grant 96-0597 and DFG Grant 436RUS17/11/99.

DStrictly speaking, in(1) and (5) a coupling which vanishes adiabatically |at~|z; ;| should be used. For
simplicity we do not indicate the coordinate dependence of the coupling.

INote that the appearance of the eikonal absorption factofs0nis a nontrivial consequence of the specific
form of the evolution operatorS, , (Ref. 12 and is not connected with the applicability of the eikonal
approximation in itself.

3The diagram of Fig. 2b gives only the termK, in (15) (the corresponding integral is divergent in it3elf
Nonetheless, it yields the same result(a5). Indeed, by adding and subtracting the contribution from the
configurationsz; <z;<z,, one can represent the contribution of the vacuum term as a sum of the imaginary
term connected with the radiative correctionntg [which is «(z;—z)] and the real term related to the wave
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function renormalization. The latter comes from the configuratigrsz;<z,. This boundary effect is absent
if the coupling vanishes at larde|. In this case the vacuum term (5) does not affect tha& spectrum. It is,
however, convenient to keep the vacuum term to simplify the troublesomegration in(15). Again, it
allows one to use a constant coupling.
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A direct nonperturbative measurement of the spatial distribution of the
light intensity in a strongly scattering medium is performed using an
optoacoustic method. It is shown that near a surface the intensity can be
five times greater than the incident intensity, and the absolute maxi-
mum of the intensity is observed at a deptfil —R)(1—4.0R) deter-
mined by the photon transport mean free pétand the effective light
reflection coefficienR of the boundary separating the scattering and
external media. ©1999 American Institute of Physics.
[S0021-364(99)00615-3

PACS numbers: 42.25.Fx, 43.35.Sx

Interest in the problem of multiple scattering of classical waves, primarily light, in
randomly nonuniform media has undergone a vigorous revival in the last ten years. This
is due to the diversity of new physical effects observed expected under multiple
scattering conditions — correlations of the scattered radiation, coherent backscattering,
Anderson localization of light, and so ba— and to important applications of optical
diagnostics methods in medicife.

In the vast majority of multiple-scattering experiments the#goingradiation from
the medium is detected, since placing the detecting apparatus inside the nfethiemit
is possible to do so at alinevitably results in distortion of the scattering pattern. At the
same time, the characteristics of the radiatioside the scattering medium are also of
interest from the fundamental and applied standpoints.

In the present work the spatial light intensity distribution in a scattering medium was
measured directly. The method employed for this is based on the optoacoustic effect,
wherein ultrasonic waves are excited thermooptically in the experimental medium when
pulsed laser radiation is absorbed iff In recent years the optoacoustic effect has been
widely used for diagnostics of randomly inhomogeneous miédia.

When a laser pulse with duratiap much shorter than the transit time of an acoustic
wave through the region of heat releases¢ <1, a is the light extinction coefficient and
v is the sound velocity in the mediyns absorbed in a medium, the form of the ultra-
sonic pulse(optoacoustigdOA) signa) replicates the spatial distribution of the thermal
sources in the mediurhFor a uniformly absorbing and scattering medium, this distribu-
tion in the plane wave approximation for the light is identical to the spatial distribution of

0021-3640/99/70(3)/6/$15.00 183 © 1999 American Institute of Physics
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the light intensity in the medium. Then the intensity of the laser radiation in the medium
can be represented as

I(z,t)=1(2)f(t)=1(z) 7 56(t). (§N)

In turn, the leading edge of the pressure pulse in the traveling acoustic wave excited in
the medium is given by the expressién

Bv? I(—vT)
p(r=t—=2/v<0)= 5—pEo—/—, 2
2¢cy lo

whereg is the thermal expansion coefficient, is the specific heat of the medium, is
the light absorption coefficient, arieh=1,7_ is the laser energy density at the surface of
the medium.

As is evident from Eq(2), the leading edge of the OA signal(7<0), replicates
the spatial distribution of the light intensity in the medium, and the time scale of variation
of p and the spatial scale of variation bfz) are related via the sound velocity in the
medium: z=—v 7. Here 7=0 is the time when the OA signal excited at the surface
z=0 of the sample arrives at the acoustic dete@iothe direct scheme for detecting the
OA signal in an absorbing medium; see Refs. 3 apdMter determining the time=0
on the experimentally obtained temporal profile of the OA signal with allowance for
diffraction* one can use Ed2) to convert the time dependence of the leading edge of the
OA signal p(7<0) into the spatial dependend¢z). Thus the optoacoustic method
makes it possible to perform a direct measurement of the spatial light intensity distribu-
tion in a scattering medium, if the light absorption coefficient, the sound velocity, and the
thermophysical parameters of the medium as well as the incident energy density are
known.

In our experiments the model scattering medium, consisting of an agqueous suspen-
sion of 0.76um in diameter polystyrene beadhe volume concentration of the beads
®=0.7599, was irradiated with pulses from @-switched Nd:YAG lase(wavelength
A=1.06 um, pulse duration =12 ng in a direction normal to the surface of the me-
dium. On the surface of the suspension the laser radiation, which had been passed be-
forehand through a glass diffusing filter, had a nearly Gaussian transverse intensity dis-
tribution with a characteristic beam radias-2.6 cm. The acoustic pulses excited in the
suspension were detected with a wideband piezoelectric detector, absolutely calibrated in
the spectral range 0.03—8 MHz; the low-frequency sensitivity of the detector was 13.5
+0.1 mV/Pa. The detector was placed on the side opposite to the irradiated surface of the
suspension, and it was in acoustic contact with the (@#fect detection schemeThe
electric signal from the piezoelectric detector was recorded with a Tektronix TDS 220
digital real-time oscilloscopé&he analog frequency band was 100 MHz and the sample
rate was 1 GHgand averaged over 64 time series.

Since the volume concentration of particles was low, we could assume that the
refractive index, the light absorption coefficient, and the thermophysical parameters of
the suspension have the same as their values as for watet.826, u,=0.16 cm %,
B=1.82K1 cp,=4.18 J/gK). The ultrasonic absorption coefficient in water in the
experimental frequency range does not exdéed2.5x 10~ %cm 1, so that we neglected
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FIG. 1. Spatial distribution of the light intensity in a semi-infinite randomly inhomogeneous médmumsous
suspension of polystyrene beads O in diameter; the particle volume concentration is 0.75%; the photon
transport mean free patti=628 um): circles — experimental data, solid line — analytical calculation in the
diffusion approximation, dashed line — Monte Carlo calculation.

the effect of absorption on the form of the OA signal as it propagates in the suspension
(cell heightL=2 cm <K™1). The measured sound velocity in the suspension was
=(1.49+0.01)x 10° cm/s.

Relation(2) can be used to calculat€z)/l, from the measured time dependence of
the leading edge of the OA signal 7<<0). However, this relation holds only far
> Zmin=V/Tmax, Wheref ., is the frequency upper bound of the spectral range of the
piezoelectric detector. For our experimental sefp,=200 um. On this basis it is
possible to perform a direct nonperturbative measurement of the spatial distribution
I(2)/1, of the radiation intensity in a scattering medium ¢ z,,;,. The results of such
a measurement are displayed in Fig. 1. For convenience, we normatizée transport
photon mean free pathi/x. in the medium, wherew; is the reduced light scattering
coefficient.

We shall now compare the measured distributi¢z)/I , with the distributions cal-
culated analytically and numerically by the Monte Carlo method. For the analytical
calculation of the spatial distribution of the radiation intensity in a randomly nonuniform
medium, we shall assume that the medium occupies the half sgpabeand that the
radius of the beam incident on it is infinite. Such an approximation is admissible if the
thickness of the medium and the beam radius are much greater'thale represent the
radiation intensity in the medium as a sum of the coherent and diffuse components,

l(th)zICOh(Z!t)—’_Idif(Z!t)v (3)

wherel 4 is the radiation intensity averaged over & dolid angle. The coherent com-
ponent decays exponentially as a function of distanicgi(z,t)=1of(t)exd —(ua
+u1gZ], us is the light-scattering coefficient in the medium, and for<u., the diffuse
component is described by the diffusion equation

clof(t)
D

[Vz_az_i_}ldif(zat):_ (z—11). 4
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Herel of (t) is the intensity of the radiation incident on the mediwts the speed of light

in the mediumpP s the diffusion coefficient of lighte?=3u.u., z,=/ is the distance

at which the collimated incident radiation is converted into diffuse radiation. 7-or

> (u,C) 1, which in our case holds well, the time derivative on the left-hand side of Eq.
(4) can be neglected.

We shall use as the boundary condition for Et).the condition that 4 vanishes on
the so-called extrapolated boundary- the planez=—z,=—-A/, where A=%(1
+R)/(1-R) andR is the effective internal reflection coefficient for diffuse radiation
reflected from the boundary of the scattering and transparent fhédis boundary
condition gives

3 !
:S{exq—alz—zl|]—exr[—a(z+220+ z,)1}- (5)

|
lair(2)= 50

Assuming the refractive index of water and polystyrene tampe 1.326 anch,=1.559,
respectively, we obtafh from the Mie theory wi=15.92cm? and /=628 um. The
calculation of the parametér using the integral relation obtained fBrin Refs. 8 gives
A=1.66. The dependend€z)/l, obtained in the process is displayed in Fig(sblid
line).

To calculatel (z) by the Monte Carlo method we simulated the multiple scattering
of a large number of photondNE 10°) in a randomly nonuniform medium, as done, for
example, in Refs. 9. The Henyey—Greenstein formula with anisotropy igeeX 782,
calculated according to the Mie theory for scatterers with a diameter of gn76was
used for the scattering diagram of an individual particle. The probability of internal
reflection at the medium—air boundary was calculated using the Fresnel forthilas.
simulated curve(z)/1, is shown in the inset in Fig. (dashed ling Forz>/" the results
of the numerical simulation agree with the analytical results.

As one can see from the figure, far-/" the measured dependenig)/l, is in
excellent agreement with the computed dependences. In this rézrjgean be described
by the simple expressiol(z)<exp(—«z) [see Eq.5)], which makes it possible to de-
terminew. if u, is known. The value that we obtaingd = 16.45cm * agrees well with
the computed valug,=15.92 cm .

Forz</ the experimental, analytical, and numerical results disagree. The diffusion
theory becomes inapplicable in this range, since low-order scattering processes play a
large role near the boundary of the medium. The disagreement between the numerical and
experimental results is probably due to factors that were neglected in the numerical
model but that are important near the boundary of the medium: the vector nature of the
electromagnetic radiation, the possibility of interference of scattered waves, the differ-
ence between the Henyey—Greenstein model phase function and the phase function cor-
responding to Mie scattering, and the finite dimensions of the laser beam and cell.

We note that foz< 10/ the radiation intensity in the scattering medium is greater
than the incident radiation intensityl (&£)/1,>1). This increase in the intensity in a
subsurface layer occurs because of diffuse reflection of the scattered radiation from
deeper layers in the medium. A sample of a randomly nonuniform medium can therefore
be interpreted as a cavity with one mirror z:0 (reflection occurs as a result of a
difference of the refractive indices of the scattering and external medid the other
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distributed continuously over the half space 0 (reflection is due to scatteringJust as
in any cavity, concentration of electromagnetic energy should occur in a sample of the
randomly inhomogeneous medium, as is observed experimentally.

For z=2z,,,=/12 the quantityl (z) possesses an absolute maximum, bz, is
more than five times greater than the light intensifyincident on the medium. The
Monte Carlo calculation of(z) for various ratios of the refractive indices of the scatter-
ing and external media showed that the position of the maximum of the intensity is
determined by an effective reflection coefficigRtof the air—-medium boundary for
diffuse radiation and can be approximately described by the forma=/(1—R)(1
—0.4R).

The factorsu, and u can be determined simultaneously by interpolating the ex-
perimentally measured functiol{z) in the regionz>/" using Eq.(5). This makes it
possible to suggest a new method for performing independent measurements of the ab-
sorption and scattering coefficients of turbid media. This method is an alternative to the
all-optical method based on measurement of the temporal profiles of short pulses trans-
mitted through a turbid mediuit.

We shall now sum up. In the present work, a direct nonperturbative measurement of
the spatial intensity distributioh(z)/1, of optical radiation in a scattering medium was
performed and its features were studied. It was shown ItfBtcexp(—+/3p p.2) at
depthsz>/". Near the boundary of the medium, fex. 10/, the radiation intensity is
greater than the intensity, of the incident wave, and at some pomit z,,,, it reaches an
absolute maximum, which can be five times greater tgaAn approximate formula was
found for zyay: Zma=7"(1—R)(1—0.4R). The substantial increase in the radiation in-
tensity near the surface of a scattering medium must be taken into consideration in cases
where the light intensity in the medium is limitétbr example, in medical applications
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A strong resonant interaction of a two-level atom with a dielectric
microsphere is studied on the basis of quantum electrodynamics. The
initial condition considered is one in which the atom is initially excited
and the resonant mode of the microsphere has been excited by a single
photon. The spectrum of two emitted photons depends strongly on the
method used to excite the microsphere, i.e., on the spatial distribution
of the photon energy. The most characteristic feature of the two-photon
fluorescence spectrum is a strong energy correlation of the emitted
photons. This correlation is expressed in the fact that the energies of the
emitted photons are related by the equation of an ellipse+(w,
—2wp)%+3(w,— wy)?=40%,,,. The relation between the results ob-
tained and the predictions of the theory of dressed states is discussed.
© 1999 American Institute of Physids$0021-364(09)00715-X

PACS numbers: 32.56.d, 32.80.Wr

The main properties of a dielectric microsphere viewed as a cavity are it<high
the optical range and the small effective volume of a mbdeSuch a microsphere is a
good “trap” for photons, and even a single photon can be characterized by a high electric
field intensity near the surface of the microsphere. Accordingly, an atom placed in the
high-field region can interact strongly with a resonant mode of the microsphere when the
latter contains a small number of photons or even no photons at all.

The single-photon fluorescence spectrum of an atenmicrosphere system has
been well-studied:® The structure of this spectrum depends strongly on the method used
to excite the system. For a sufficiently strong atom—microsphere interaction, the single-
photon fluorescence spectrum can possess singlet, doublet, or triplet forms.

The objective of the present work is to investigate further an atom—microsphere
system in the strong resonant interaction regime. As initial conditions we consider the
case of excitation of the system such that the atom is in an excited state and there is one
photon in a resonant mode of the microsphere. It should be noted that the presence of
only one photon in a resonant mode of the microsphere does not mean that the field has
a single-mode structure. In the present investigation, in accordance with the the general

0021-3640/99/70(3)/7/$15.00 189 © 1999 American Institute of Physics



190 JETP Lett., Vol. 70, No. 3, 10 August 1999 V. V. Klimov and V. S. Letokhov

principles of quantum electrodynamics, we assume that there is a large nimbes
limit a continuum of quantized modes of the electromagnetic field within the contour of
a resonant mode of the microsphere.

Such initial conditions are not exotic and can always be realized when the excited
atom enters a cavity containing a single photon. Experimental setups of this kind already
exisf or are under developmeht.

To describe the properties of the two-photon fluorescence spectrum, it is necessary
to use the quantum theory of the resonant interaction of an excited atom with a micro-
sphere whose resonant mode contains a single photon. The quantization of the electro-
magpnetic field in spherical geometry is well-knofiiihe quantum theory for a dielectric
microsphere has been studied in Refs. 5 and 9.

For a resonant interaction of a two-level atom located at the poinith a con-
tinuum of quantized radiation modes falling within the contour of the whispering-gallery
mode, the dipole Hamiltonian can be representéd as

H=HA+HF+H|, (1)

where the Hamiltonians of the atohh,, the fieldHg, and the interactiod, are

1 0 —-d-E
, le( ~ )! (2)

a;as+§ C$E O

1
HA:th( O), HF:ES ﬁws

ae(s,r)—ag e (s,r)
V2

In Egs.(2) and(3) d is the matrix element of the transition dipole moment agdnda;

are operators creating and annihilating a photon insthenode. The indes, character-

izing a quantized mode in the presence of a microsphere, is of a vector character,

s=(n,m,v), wheren, mand v are the orbital, azimuthal, and radial quantum numbers,
respectively. The frequency of the quantized mode

E= g 3)

7C
W=V +... 4
is determined by the radial wave numberand the radius of the quantization sphere
A—oo, Explicit expressions for the electric field intensity of tth modee(s,r) can be
found in Ref. 5.

In the rotating-wave approximation the ground state, the first excited manifold, the
second excited manifold, and so on do not interact and can be studied separately. Our
main problem is to study the interaction of an excited atom with the quantized modes that
fall within the contour of one of the resonance modi® whispering-gallery mode

To solve this problem, the Schiimger equation describing the dynamics of the
second excited manifold must be solved directly. If the continuum of quantized modes is
described byn quantized modesn(—«), then the Schidinger equation reduces to a
system ofn(n+3)/2 linear differential equations for the amplitudes of different states.
The vector of the probability amplitudes of the second excited manifold has the form
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VO=[Y). (D, W) (05 - WSO, (1) )
1 3 3

where the firsn components describe the probability amplitudes for finding an atom in
an excited state and one photon in one of the quantized modes. The sezamgonents
describe the probability amplitudes for finding an atom in the ground state and two
photons in one of the quantized modes. Finally, the remainiftg—1)/2 components
describe the probability amplitudes for finding an atom in the ground state and two
photons in various quantized modes.

In the frequency domain, the Schiinger equation reduces to a system of ordinary
linear equations

(0= wi— o) PN @) =1 N0)+ X, Vel w)+ 24 N 0)V;,
S#I

(0—20) P @)= 2V N (w), (6)
(0= ;= o) P (@) =V () + Vi g (o) (i#]).

Here the firstn equations describe the frequency evolution of the atomic probability
amplitude, and the terms on the right-hand side describe the initial state and the emission
of a photon into unoccupied and occupied modes. The secaylations describe the
dynamics of photon emission into an occupied méstenulated emission by an atom
Finally, the remainingh(n—1)/2 equations describe the emission of a photon into an
unoccupied modéspontaneous emission of an atom

The matrix element of the interaction energy of an atom interacting with different
quantized modes within the contour of the resonant mode,

d-e(s,r)
ifny2
will have a resonant dependence on the frequency of the mode. Figure 1 shows the
dependence of the dipole interaction energy of a two-level atom interacting with the
guantized modes. Here the solid line shows the contour of the whispering-gallery mode,
and the vertical lines show the frequencies of the quantized modes. The distances be-
tween the modes decrease as the quantization volume increases, and in the limit one can

talk about a continuum of quantized modes falling within the resonant contour of a
microsphere.

Ve=V(ws)=—

)

Elimination of the photon modes from the systéf) gives a system oh linear
equations for the probability amplitudes for finding an atom in the excited state
(e—0%):

A O EAA)

(w—wj—wgtie)

(0= 0= oa) (@) =iyf(t=0)+2 ®)
After solving Eq.(8), there is no need to return to the time domain to find the fluores-
cence spectrum, since the amplitudes of the two-photon states in the-limitcan be
expressed in terms of the frequency components of the atomic states:
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FIG. 1. Interaction energy of an atom interacting with quantized modes modified by the presence of a dielectric
microsphere as a function of frequency.

Yt—) =V o+ o) Vot o) #]),  efit—o)=V2VF g 2w)).

C)
It is evident from these expressions that the two-photon final states are entangled and
strong correlations between them are to be expected.

The asymptotic occupation probabilities of various states of the two-photon con-
tinuum, i.e., the two-photon fluorescence spectrum

|y (t—o0)|?
P(wi ,(x)j = sz ’ (10)
can be found in terms of the asymptotic expressions for the photon ampl{@dé&sgure
2 shows the two-photon radiation spectrum for optimal single-photon excitation of a
diamond microspheré&=6) with radiusa. The parameters of the atom and microsphere
are chosen so that a resonant interaction would occur with théITM1, O whispering-
gallery mode(mode with no zeros in the radial directjon

It is evident, first and foremost, from this figure that the frequencies of the emitted
photons lie on an ellipse, i.e., they are strongly correlated. This correlation in the strong-
interaction limit (when the vacuum Rabi frequency defined(!ex%abizEi|Vi|2 is large
compared with the width of the resonance of the microspHerg,>1",.J is described
by the simple equation

((,()1+ wz—ZwA)2+3(w1—w2)2=4Q§abi. (11)

In addition, peaks that can be expected on the basis of the theory of dressed states are
present in the spectrufl.The peaks arising in the dressed-states picture correspond to
two photons, one of which is formed with a transition from an upper sublevel of the
second level to the upper sublevel of the first level and the other is formed with a
transition from the upper sublevel of the first level into the ground stegasitions3 and

4in Fig. 3). A similar photon pair is emitted in a transition between the bottom sublevels
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FIG. 2. Two-photon fluorescence spectrum versus the frequencies of the emitted photons with optimal excita-
tion of the microsphere \(t=0)xV¥ , €=6, a~A=0.5 um, w=3.77X10"°s7%, y,=1.5x10° 5%, Qray;
=1.3x10"s !, r/a=0.8).

(transitions5 and 6 in Fig. 3). An important difference of our results from the dressed-

states picture is that we do not observe transitions between the top and bottom sublevels
(shown by dashed lines in Fig).3

It is easy to find the single-photon spectrum from the two-photon spectrum by
averaging over one frequency:

Sl(wl):J' dwyP(wy,0,). (12

Spectra of this kind have been analyzed in Refs. 12 and 13 on the basis of the density-
matrix method. In these works it was shown that, besides the standard Rabi components,

220,
Wy 3 3
.2
L 20,
A v
w 4 . . 6
A
1] 2 Co
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excited excited
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FIG. 3. Structure of the spectrum of dressed states.
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components with the difference frequeney* (v2—1)Qgay and with the sum fre-
quencywa* (2+1)Qrap arise in the one-photon photoluminescence spectrum.

Figure 4 shows the single-photon spectrum which we found for optimal excitation of
a microsphere by one photon, i.e., for the case where initially the maximum field acts on
the atom. Two components, one close to the frequency () g0 @and the other close to
the difference frequency* (12— 1)Qrapi, are clearly expressed in the spectrum. The
sum frequencies do not arise in our approach.

To check experimentally the existence of elliptic correlations between the energies
of the emitted photons, it is not enough to measure the spectrum of one of the photons,
since the basic features of the two-photon spectrum are effaced in it. A complete recon-
struction of the elliptical structures requires measurements of the spectrum of one of the
photons for various fixed energies of the other photon.

In summary, we have shown that in the two-photon fluorescence spectrum in the
atom + microsphere system the emitted photons are strongly energy-correlated. This
correlation is expressed in the fact that clearly defined elliptical structures arise in the
two-dimensional spectrum. The results obtained are also applicable to other cases of
two-photon fluorescence in an atomcavity system.

We thank the Russian Fund for Fundamental Research for providing financial sup-
port for this work.
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We report the results of an experimental investigation of the longitudi-
nal relaxation timeT, of the electronic polarization of the ground state

of potassium atoms in cells with an antirelaxation coating on the walls.
Investigations were performed for a number of cells at temperdture
=24°C. The maximum recorded relaxation timegre 3.6, 4.3, and 5.2

s for cells with diameteb = 50,75, and 100 nm, respectively. These are
the longest longitudinal relaxation times ever recorded in coated cells.
The transverse relaxation time was measured for these cells at the same
temperatureT,=0.72,1.1, and 1.4 s, respectively. 99 American
Institute of Physicg.S0021-364(109)00815-4

PACS numbers: 32.68., 32.10.Dk

Potassium-vapor cells with an antirelaxation coating on the tvatis used in pre-
cision quantum magnetometérdin an experiment being planned for measuring the
nuclear anapole moment of potassifimnd in experiments on nonlinear magnetooptic
rotation in rubidium vapor.Our attention so far has been focused completely on inves-
tigating ways to increase the transverse relaxation fimesince it determines the dark
width of the radio-optic double resonance line and@hef the M, signal. The maximum
amplitude of theM, signal depends on the quantity, /T, and the highesD for the M,
signal obtains wheid ;=T,.

To date there are no comparative experimental data on the Iongituﬁfnalnd
transversd g relaxation times on a coating in the same cells. It is generally as$uimad
T‘f=T§. In the present letter we report the results of our investigations of the longitu-
dinal and transverse relaxation times.

The timeT; is usually studied experimentally by the Franzen mefiwith Zeeman
optical pumping. The measure of relaxation is the change in the absorption of circularly
polarized light as a result of a change; in the distribution of the populations of the
Zeeman sublevels of the ground state on account of relaxation transitions between them:
S(t)y==An;(t)W,, whereW, are the relative absorption probabilities @f polarized
light. It is well knowrf*® that the detected signal in this case is characterized by two
exponentials. For atoms with a nuclear spithe signal has the form

0021-3640/99/70(3)/5/$15.00 196 © 1999 American Institute of Physics
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FIG. 1. Form of the signal for a dark pauset,—t,=4.27 s. The signal amplitude is given in units of the
least-significant bit of the analog-to-digital convert&DC). Details are given in the text.

S(t)y=(1—a)exp —t/m)+taexp —t/7y), (1)

wherea=2(1,(0))/(412+ 41 —1){S,(0)), and(S,(0)) and(l,(0)) are the electronic and
nuclear polarizations of the optically pumped atoms. The factorg dind 1/, in the
arguments of the exponential functions are determined as the weighted sums of the
relaxation rates of individual relaxation channels. For 3p#8/2 the maximum possible

ratio of the exponents in Edl) is 7,/7,=8 (Ref. 9.

The Franzen signal is formed as follows. A vapor of atoms is irradiated in the
direction of the magnetic induction vector by circularly polarized light of Eheline of
the ground-state doublet, with equal intensities of its hyperfine components. As a result,
the ensemble of atoms acquires a macroscopic electronic magnetic moment. After the
light source is covered, the electronic polarization of the ground state relaxes in the dark.
After a certain time, the cell is irradiated again. The difference of the light intensities
S(t,) at the moment before covering afft,) at the moment irradiation is resumed as
a function of the duration=t,—t; of the dark pause describes the relaxation process
(Figs. 1 and 2

S (relative units) S(t)=so’exp(.tﬂ') + O(SO)
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' oS)=04 06 1 %
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FIG. 2. Experimental and model data for 50, 75, and 100 mm in diameter cells. The signal amplitude is
normalized to 1.
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The experiment measuring the tinfg was performed in a stable magnetic field
with inductionB=15 uT andB=30 uT, produced in a magnetically shielded solenoid.
The light source was a specially constructed rf discharge lamp with a metal-containing
branch pipe whose temperature was actively stabilized independently of the discharge
regime in the working volume of the lamp. Equality of the intensities of the hyperfine
components of th®, line for potassium is easily attained, because the Doppler broad-
ening of the line is much greater than the hyperfine splitting. Optical fibers were used to
transfer light from the source to the cell and from the cell to the photodetector. The
required spectral componenD() was extracted with an interference light filter. Inter-
ruption of the light was accomplished with an electromechanical shutter. A dc inverting
amplifier with current-to-voltage conversion ratio 41.6./ was used to detect the
signal. From the amplifier output the signal was fed into an 8-bit analog-to-digital con-
verter, whose least-significant bit corresponded to 19.5 mV. The time interval between
the readings was 0.42 ms, and the on and off switching times did not exceed 8 ms. In
each dark pause anx8oversampling of the signal was performed to improve the signal/
noise ratio. A computer was used to control the experiment and for data acquisition and
processing.

The characteristic form of the detected signal is presented in Fig. 1. The signal
amplitude is given in units of the minimum conversion step and the time in seconds. The
pump time was determined from the transient process after the dark pause expired:
Toump=0.1 s with a detected photocurreif,=2 uA. Plots of the reconstructed dark
relaxation curve are presented in Fig. 2. The amplitude of the signals is normalized to
unity, and the time is given in seconds. The experimental curves can be fit well with a
one-exponential function of the form

S(t)=S, exp —t/7)+0(S;). (2)

The reliability of such a model is limited by the maximum dark pause duration, 12
s, realizable in experiment and by the signal/noise ratio. To record a relaxation curve in
the form of two exponentials with the maximum possible difference of the exponents, the
dark pause must be increased to 80 s, which requires a light reference channel for
suppressing the noise associated with the drift of the light intensity.

The error in determining the quantiti&, 7, ando(S,;) does not exceed 8%. It is
estimated from the reproducibility of the relaxation cuifég. 2) as a whole and is
determined by the signal/noise ratio. The quantif$,) was found to be zero, to within
the error with which it is determined, for each relaxation curve. This indicates that the
single-exponential model is adequate.

For cells 50 and 75 mm in diameter containing a natural mixture of isotopes and for
a cell 100 mm in diameter containiffgk, the maximum times- achieved are 3.6, 4.2,
and 5.2 s, respectively. These are longest longitudinal relaxation times of the electronic
polarization of the ground state of alkali metal atoms ever recorded. Previously the
maximum longitudinal relaxation tim&;~1 s was obtained in rubidium vapor using a
deuterated coatin{yNo dependence of on the magnetic induction was observed to
within the measurement error.

The variance of the times for cells of the same size was large. For cells with a
diameter of 100 mm the measured times range from 5.2 to 0.7 s. Such a large variance of
the timesr can be most naturally explained by domination of relaxation on paramagnetic
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FIG. 3. LinewidthI" versus the photocurrem, for a cell with diameteD =75 mm.

centers with a large variance in the number of such centers in different cells of the same
size. For example, for a relaxation tirffie=1 s an atom undergoes<aL0° collisions with

the wall that do not lead to relaxation. Therefore the probability of an atom colliding with

a paramagnetic center in this time should be much less than 1%. It is very difficult to

obtain a quantitative estimate of the impurity concentration, since dangling bonds formed
as a result of thermal destruction during the deposition of the coating must also be
regarded as paramagnetic impurities.

The transverse relaxation tinte was measured in cells with the maximum values
of 7. This time was determined by extrapolating the width of the rf—optic double
resonance to zero light intensity and rf field amplityffeg. 3). Resonance was detected
by synchronous detection on an individual outermost component of the sped&um (
=2, m=2<F=2, m;=1) in a uniform stabilized magnetic field of 5aT as the
magnetic induction was vari€dAt 24 °C it was found thaf';=0.22, 0.15, and 0.11 Hz,
which corresponds t0"§= 1/27T'3=0.72, 1.1, and 1.4 s for cells with diameters of 50,
75, and 100 mm, respectively. The relative error in determihings large(50%) and the
absolute error is very smalD.05 H2. Therefore the recorded longitudinal relaxation
times T, were much longer than the transverse relaxation tifes

We shall now analyze and estimate the contributions of the individual relaxation
channels to the total relaxation rate for cells with the maximum relaxation times. The
main relaxation mechanisms in cells with an antirelaxation coating are spin exchange
between atomgwe denote the corresponding relaxation time By, relaxation on a
metal drop when an atom from the interior volume of the cell enters the metal-containing
branch pipe through the diaphragm separating thretaxation on a hole —¥"), and the
interaction of atoms with the coating materi@élaxation timeT¢) and paramagnetic
centers(time T').

For potassium vapor at room temperature and a spin exchange cross section
=3.6x 10" **cn? the time TS due to spin exchange is estimated to be 98 Spin
exchange does not affeTy in the case of observation of the electronic polarizafibh.
We separate out the contribution Tg that is independent of spin exchange. Writing

UTS=1TS+ms+arh, 3)
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we obtain 1T,=1/T;—1/T5=0.78, 1.3, and 1.6 s for cells with diameters 50, 75, and
100 mm, respectively. The tiniB; is observed to be directly proportional to the cell size,
indicating that relaxation on the cell wall makes the main contributiofi,toFor relax-

ation on a hole and on a paramagnetic cefité= T andT,=T,. The large difference
betweenr andT, and the proportionality of , to the cell size indicate that relaxation on
the coating material makes the dominant contribution to the transverse relaxation,
TS~T5.

In summary, we arrive at the conclusion that relaxation on paramagnetic centers
makes the dominant contribution to the longitudinal relaxation of the electronic polariza-
tion of the ground state of potassium atoms in a cell with an antirelaxation coating on the
walls, while transverse relaxation is due to the interaction of atoms with the diamagnetic
coating material; this is presponsible for the large difference between the longitudinal and
transverse relaxation times for relaxation on the coafif{g; T5 .

We thank E. B. Aleksandrov for his constant interest in this work and V. S. Khro-
mov and S. G. Przhibel’skifor a fruitful discussion of the experimental results.
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It is shown that the experimentally investigated structural ion-sound
plasma turbulence is a self-similar stationary random process. The self-
similarity parameter is determined by two temporal laws: the nonran-
dom character of the appearance of nonlinear structa@dinear ion-
sound solitonsin the plasma, and the nonlinear interaction between
them. As the distance from the threshold of the ion-sound current in-
stability increases, the self-similar random process approaches a Gaus-
sian random process, but this limit has not been attained experimen-
tally. The possibility of recording superlong time series of the
fluctuations of the signal of the plasma process and processing of the
time series by thél/S analysis method has made it possible to prove
self-similarity of the plasma structural turbulence. 1®99 American
Institute of Physicg.S0021-364(09)00915-9

PACS numbers: 52.35.Ra, 52.35.Mw, 52.35.Dm

For many years now investigators in plasma physics have been drawn to the study of
the nature of ion-sound plasma turbulence. Individual chapters in many books have been
devoted to the theoretical description of this phenomenon. As an example, we mention
two books, published more than 30 years apagimultaneously with theoretical inves-
tigations, experimental investigations of ion-sound turbulence have also been conducted.
The difficulty in performing experimental investigations lay in the need to measure many
statistical parameters of turbulen@rrelation, spectral, and so oim order to compare
with the theoretical description. For this reason, in the first experiments, as a rule, average
values were determined and associated to the intensity of the turbulence. For example, a
well-known estimate of the anomalous resistance of a plasma was made in Ref. 3. How-
ever, the statistical parameters of the turbulence could not be estimated because it was
necessary to measure and analyze large sets of fluctuation data. For this reason, the study
of a real structure of ion-sound turbulence was taken up only after the acquisition and
analysis of experimental data were automated at the end of the 1980s. Investigations of
ion-sound plasma turbulence based on analysis of the turbulence parameters of the
plasma are now being conducted on several experimental install&tfoRsr example, in
Refs. 4 and 5 experimental analysis of ion-sound turbulence, whose source was ion-sound
current instability, showed the turbulence to be strong and to contain structures that exist
statistically stably in plasmas according to definite laws. Structures that are correlated in
space and time accounted for up to 20—30% of the total energy of the turbulence. These

0021-3640/99/70(3)/7/$15.00 201 © 1999 American Institute of Physics
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structures interact nonlinearly with one another by “decaying” and “merging,” forming

a stable stationary frequency spectrum of turbulence. The observed structures have the
nature of nonlinear ion-sound solitons, and it was suggested that the type of turbulence
under study be termed structural ion-sound turbulence. Structural ion-sound turbulence
exists in a wide range of values of the macroparameters of the plasma. In the experiment,
as the instability threshold was approached, it was not possible to obtain a regime in
which the ion-sound turbulence exists in the form of weak turbulence, and as the distance
from the threshold of instability increased, it was impossible to obtain a regime with
structureless ion-sound turbulence. The probability density function of the amplitudes of
the fluctuation signals was different from the normal probability density function. The
same difference from the normal probability density function was measured in Ref. 6.
Thus the questions of the type of process developing in the observed plasma turbulence
and of the statistical model corresponding to the recorded probability density functions
remained open. The number of potentially possible models of distributions is extremely
large. In practice, a relatively small number of models are in a special position — either
because they possess desirable mathematical properties or because they describe some
part of reality well or for both reasons at the same tihighe new experimental data
enumerated above cannot be described by a no@elissiai probability density func-

tion, and the existence of a long-lived comporiéntthe autocorrelation function of the
fluctuating quantities indicates a self-similar random process. It is important to note that
the problem of determining the relation between the observed structural formations was
not posed in previous experiments studying ion-sound turbulence because it was impos-
sible to record superlong time series, without which it is impossible to determine long-
range correlation functions reliably. Superlong time series can be observed under the
conditions of our experiment on the TAU-1 sefupnd this has made it possible to
compare the process under study with a self-similar process. The present letter is devoted
to proving the existence of structural ion-sound turbulence in the form of a stationary
self-similar random process.

Stationary stochastic processes for which the variance of the mean decreasés as
for any a between 0 and 2 were discovered by Kolmogorov in 19Zhese processes
were termed self-similar. In the mid-1960s, MandelBtdntroduced self-similar pro-
cesses in certain statistical applications, and he substantiated their applications in hydrol-
ogy and geophysics. Mandelbrot called the self-similarity parameter or the parameter of
long-range correlation the HutsparameteH = 1— a/2. This parameter can vary from 0
to 1 for stationary increments] =0.5 corresponds to independence of the events in the
observed proces$]>0.5 corresponds to positive correlation, ahe 0.5 corresponds to
negative correlation. Self-similar proces3ég) on the real axis are characterized by the
following property: When the time scale of variation is changed by a faete0, all
finite-dimensional distributions change by the faait. The study of the autocorrelation
functions of self-similar processes is quite complicated, because the sum of small indi-
vidual correlations approaches infinity, which results in infinite memory and makes it
necessary to take into account the correlation between the distant past and the distant
future. There exist several methods for investigating the Hurst parameter of a self-similar
process: using correlograms, the spectral function of the variance as a function of time,
the method of maximum likelihood, and Mandelbrot's method. In plasma physics
Mandelbrot’'s method was used by Carregasl!! to analyze turbulent oscillations of the
edge turbulence in toroidal devices. This method is based/8manalysis, wherd?/S is
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the range of the accumulation process divided by the standard deviation of the incremen-
tation process for a certain time interval, §+t), wheres is an arbitrary initial moment

in time and the quantitieR andS are defined below. To a first approximation, the points

on a plot of the logarithm of the ratiB/S versus the logarithms of the time for a large
number of different time intervals concentrate around a straight line with $fopehe
algorithm for calculating the time dependenceRsf5 corresponds to the calculations of
Ref. 11. For a discrete time series of a plasma fluctuation signal of lengte={X; :t

=1,2,...n} with meanY(n) and variances?(n), the ratioR/S is determined as
R(n) B max oW, ,W,, ... W,)—min(OW;,W,, ... W,)
S(n) JSA(n) ’

where W, =X+ Xo+ . .. +Xk—kY(n). Then the Hurst parameter is determined from
the expectation value of this ratE®[ R(n)/S(n)],,_..—An".

As we have said, an experiment was performed on the TAU-1 setup. Argon plasma
in the form of a cylindrical column 4 cm in diameter and 100 cm long was produced in
a uniform magnetic field with intensity= 800 Oe by a steady low-energy electron beam
with energyE,=60-150 eV and with argon pressuyse: (2—4)x 10 * torr. The plasma
density was maintained at the leve (0.9-1.2)x 10'° cm™3. The electron temperature
wasT.=5-7 eV and the ion temperature wis=0.1T.. An investigation of structural
ion-sound turbulence was performed on this apparatus previdtdifie characteristic
frequencies in the plasma were related as follows:Q < wy < ws< 0 ;[ <O e, 0| e,
where().; and() .. are the ion and electron gyrofrequencies; andw, . are the ion and
electron plasmalLangmuip frequencies, andvy, and wg are the drift and ion-sound
frequencies. The characteristic frequency intervs f = w/27) in which plasma oscil-
lations occur in the experiment arg;;=10-15 kHz;f4,=20-60 kHz;f,=0.1-(4-5
MHz; f ;=4-5 MHz;f.,f ;=1-1.5 GHz. The amplitudes of the turbulent signals were
measured with Langmuir probes, which were in a floating-potential regime for measuring
fluctuations of the plasma potential. The autocorrelation coefficients and the Hurst pa-
rameter were determined from the recorded time series of the fluctuations of the poten-
tial: the length of one time series reached 128 thousand points, and the characteristic
sample rate was 10 MHz. All data presented in the present letter were obtained with the
stationary macroparameters of the plasma in the TAU-1 setup. A stationary regime in the
plasma could be maintained for 3—5 h without changing the magnetic field, gas pressure,
beam current, average plasma density, electron temperature, and so on. For this reason,
the number of time series that could comprise an ensemble of the ion-sound turbulence
process under study was essentially infinite.

Figure 1 shows the characteristic form of the time series of a stationary sajrul
ion-sound structural plasma turbulence, recorded from an arbitrarystim¢he TAU-1
plasma. The autocorrelation function of this signal, calculated in an arbitrary time interval
within the given time series, is presented in two time scales in the same flyare g.
Measurements were performed in the frequency range from 300(lkiHized by low-
frequency filter to remove drift oscillationsip to the Langmuir ion frequencyin the
present case, about 5 MHZzThis figure illustrates, in the first place, the ion-sound
turbulent signal as a random buks) and, second, it indicates the presence of a long,
weakly decaying temporal component in its autocorrelation functipnc) (the noise
signal in this measurement did not exceed)1%
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FIG. 1. Stationary temporal signéh) of ion-sound structural plasma turbulence. Autocorrelation function of
the signal in two time scale, ©. H=500 G,p=3x10* torr, U,=120 V,1,=200 maA.

Figure 2 shows a plot of the logarithm of the ratio of the rafyef ion-sound
turbulent data to the standard deviat®of the incrementation process for the same data,
versus the logarithm of the measurement time. The length of the data record is 64 000
points. The figure also shows two straight lines correspondinB/® analysis for a
regular procesgHurst parameteH=1) and a random proces#i&0.5). The slope of
the experimentaR/S dependence is different in the three time intervals. The first time
interval up to 10us corresponds to the average energy of the turbulent process reaching
a stationary level, i.e., the process in this interval is not stationary, so that a Hurst
parameter cannot be defined. In the next time interval, frof® us to ~200 us (1 in
the figure, the logarithm ofR/S is directly proportional to the logarithm of the observa-
tion time, with a Hurst parameter 0.6—0.7. This time interval corresponds to the char-
acteristic lifetime of the structures, which was found in preceding experiments, or the
characteristic memory time between nonrandom appearances of these struEnams.
~0.2 ms to~1—2 ms(2 in the figure the logarithm ofR/S is directly proportional to
the observation time, with a Hurst paramete®.7—-0.8. This time interval has also been
determined previously;it reflects the characteristic nonlinear interaction time between
the structures. Among the set of measurements was a time series in which a sharp
transition occurs between these intervals, which could be caused by an intense low-
frequency regular drift wave that has not been inadequately attenuated in this measure-
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FIG. 2. R/S dependence for the fluctuation signal. The time series contains 64 000 pdn&00 G,p=3
X 10™* torr, U,=120 V, 1,=50 maA.

ment. Thus the stationary structural ion-sound turbulent process observed in the process
observed in the plasma is not random, since the Hurst parameter exceeds 0.5 in the entire
observation interval. In addition, this process can be said to be self-similar. The self-
similarity parameter is determined by two time dependences: the nonrandom appearance
of structures in turbulence, and the nonlinear interaction between these structures. The
self-similarity parameter isr=0.6—0.8 for observation time intervals such that the law
describing the nonrandom appearance of structures is the governing factor. For long
observation intervals, when the appearance of structures can be regarded as a random
event because of the multiplicity of such events, the self-similarity parameter decreases to
a=0.4, and only the law of their nonlinear interaction makes it possible to preserve a
memory of the self-similar process.

Figure 3 shows the dependences obtainedrby analysis for ion-sound turbulent
signals for various electron beam currents in the TAU-1 plasma. The higher beam cur-
rent, the larger the distortion of the electron distribution is and, as noted above, the farther
away the excitation of ion-sound structural turbulence is from the instability threshold.
The slope of the experiment®/S dependence is different for different beam currents:

As the current increasdsorrespondingly, as the distance from the instability threshold
increasep the R/S experimental plot approaches a direct random process. However, in
the experiment we were not able to find a regime where the ion-sound structural turbu-
lence could be described not by a self-similar stochastic process but rather by a random
stochastic process.

The present experimental study has shown that the structural ion-sound plasma
turbulence is a self-similar stationary stochastic process. The self-similarity parameter is
determined by two temporal laws: the random character of the appearance of nonlinear
ion-sound solitons in the plasma and the nonlinear interaction between them. As the
distance from the threshold of ion-sound current instability increases, the random process
approaches a Gaussian random process, but this limit could not be reached experimen-
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FIG. 3. R/S dependences for fluctuation signals with different cathode emission currents. The length of one
time series is 64 000 points, with an averaging over five time séfies500 G,p=3x10"* torr, U,=120 V.

tally. It should be noted that the ion-sound structural turbulence developing in a station-
ary plasma can serve as an object for model physical investigations studying the proper-
ties of random probabilistic processes with a long memory. The question of the physical
mechanism giving rise to the memory of the self-similar process in ion-sound structural
turbulence can only be answered tentatively at present. It is possible that the self-similar
characteristics of the processes recorded are due to coupling of the ion-sound vibrations
with drift oscillations of magnetized plasma, whose intensities are much higher than the
intensities of ion-sound vibrations and whose frequencies lie in the range 10—80 kHz.
The influence of the form of the spectrum of such drift oscillations on the probability
density function of the turbulence under study was ascertained previbastythe char-
acteristic times of such oscillations are tens and hundreds of times longer than the char-
acteristic times of ion-sound vibrations. It is obvious that the latter circumstance requires
a corresponding increase in the length of the time series for performing investigations.
This problem has now been posed and the solution will be found in the near future.

We thank G. N. BatanovIOFAN, Moscow and B. F. van Milligen(CIEMAT,
Madrid) for participating in a discussion of the experimental results, and A. E. Petrov for
assisting in the experiment.
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It is shown that the shot noise at finite frequency in an ideally conduct-
ing contact is finite. The complete formula for the current correlation
function at finite frequency is presented for a quantum conductor,
where the electron transport can be adequately described in a model of
noninteracting electrons using a scattering matrix. It is indicated that
the description of electron transport in Landauer’'s apprdasing a
scattering matrixis equivalent to a description using the Keldysh tech-
nigue. Noise in an ideally conducting contact is calculated using the
general formula. It is shown that in such a contact the spectral density
of the noise has a singularity at the “Josephson” frequeney
=eV/#, set by the voltage. €1999 American Institute of Physics.
[S0021-364(09)01015-4

PACS numbers: 73.40.Cg, 73.50.Td

In an ideal conductor with electron transport probability equal toTE={) the
low-frequency shot noise is suppressed, as has been shown theoretically, using a
guantum-mechanical description in terms of the scattering matrix, for a quantum point
contactt™ and even earlier, using a quasiclassical description, for ballistic point
contacts® and as has been confirmed experimentélfpr quantum point contacts. The
same phenomenon has been predicted theorefl@aily confirmed experimentaly*for
conductors in the fractional quantum Hall effect regime. Nonetheless, at finite frequency
the noise remains finite even in an ideal quantum conductor, and it is this effect that is
discussed in the present letter.

In a conductor where electron transport can be adequately described in a model of
noninteracting electrons using the scattering matrix, the spectral density of the shot noise
at zero frequency is given by

S(0)=2e3v/hY>, T,(1-T,), (1)

whereV is the pulling voltageg is the electron chargdl,, is the transmittance in the
intrinsic channeh, h is Planck’s constant, and the temperatdris assumed to be zero.
From this expression it follows directly that shot noise is completely suppresséld for
=1.

0021-3640/99/70(3)/8/$15.00 208 © 1999 American Institute of Physics
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The behavior of shot noise with=1 at low frequencies has been discussed quali-
tatively many times, and we shall repeat only briefly the corresponding arguments. The
first condition for the existence of shot noise is discreteness of the electron charge.
Indeed, if the charge is set equal to zero at a fixed current, then the noise vanishes, since
S(0)/1xe.

At zero temperature and finite voltage the only reason for fluctuations of the current
(besides the already mentioned discreteness of the oghaagsported by noninteracting
electrons is the probabilisitc nature of tunneling through a batdescattering by im-
purities, more accurately, the probabilistic nature of the measurement process in which
the electrons are detected either in a left-hand resefetéctrons which have passed
through a barrigror in the right-hand reservoielectrons which have been reflected from
a barriej. For this reason, if the transmittan@ebecomes 1, this reason for fluctuations
disappears. The absence of low-frequency fluctuations due to the irregularity of the
electron injection from a reservoir is due to the fact that electrons obey Fermi statistics.

We shall now discuss noise at a finite frequency. To understand why noise is finite
in this case, we must refine the arguments presented above. Noise at zero frequency could
be due to fluctuations of the charge transported through the conductor int tase
follows:*? lim,_,..((6Q,)?)/t=S(0). For this reason, if fluctuations of the transported
charge grow more slowly thannoise at zero frequency is zero. This is what happens for
a conductor withT = 1. At the same time, even in an ideal conductor at zero temperature
and finite voltage charge fluctuations are not zero:

((8Q)2) =22 72 IntQ + e2/4m[ (eVI2er)2— sirR(e V2R ) (Al ext)?],

where() is a cutoff frequency andg is the Fermi energy. The first term in this expres-

sion is related with the existence of zero-point oscillattdrad, in turn, with the fact

that the Fermi correlations cannot completely suppress fluctuations and fix the position of
electrons relative to one another. The second term depends on the applied voltage and is
(conventionally speakinga result of fluctuations which is due to the transitions of left-
hand electrons into right-hand electrons and vice versa.

The finiteness of the noise at finite frequency can now be argued as follows. Al-
though forT=1 a wave packet leaving one reservoir completely passes into the other
reservoir and the probability of detecting an electron there in time approaches 1, the
charge transport process is nonetheless not completely uniform in time, and oscillations
occur at the frequency of the applied voltage. Specifically, for a symmetrized current—
current correlation function the maiat long timest>#/eV) contribution to the oscil-
latory dependence has the form

2e3

_€ e
ONW)= 5o

sin(eVth).

Technically, the existence of such fluctuations is due to the fact that the matrix
element of the current operator between two plane waves with wave vectors having
opposite signs,

(exp(ik )| T|exp( —ikyx))= %[—ikﬁ— ik, Jexp( —[ik,+ik,]x),
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is nonzero if the absolute magnitudes of the vectors are not equal to one another. This
gives rise to transitions between “left-hand” and ‘“right-hand” electrons. At zero fre-
quency such transitions do not contribute to single-particle quantities, such as the con-
ductivity, but they do appear in the two-particle correlation functions, specifically, the
current correlation function.

We shall now calculate the total current correlation function whence follow the
expressions presented above. The description of transport in a nonequilibrium system can
be given most systematically using Keldysh’s appro&dh. this approach to transport,
just as with the use of a transport equation, the disequilibrium caused by the presence of
an electromotive force in the circuit is described by prescribing boundary conditions on
the “Keldysh” or “ —+" Green’s function G_, (x1,X,)=i(¥T(x,)¥(x,)) at the
edges:

G (X1 X2) |y =x, = G (Xg Xp). )

HereG'i‘L(XB ,Xp) is the equilibrium Green’s function at the edges. It can be shown that
for noninteracting system of electrons this approach is completely equivalent to the
approach initiated by Landauer and oth¥r$n Landauer’s approach it is assumed that

the electrons leaving different reservoirs are uncorrelated. The occupation numbers for
the corresponding states are determined by the chemical potential and the temperature in
the corresponding reservoir. Electron scattering by a static potential inside the conductor
joining the reservoirs can be described purely quantum mechanically using wave func-
tions which are exact solutions of the scattering problem.

What we have said above can be conveniently described in the second-quantization
formalism. The electronia) operators are written in a basis of Lippman—Schwinger
scattering statesif(r)=2a,€,nf:alsjn%,sln(r), which have(in the reservoirB) the as-
ymptotic form

exr(—iknn|x|)
Capen(l)=————=—"Xpen—-(¥) 054
n Vnn n

exp( +iknm X|)

+§ Sa,ﬁ,s,n,mTXﬁ,e,m,+(y)- )

The creation operatorfsiyan create states of electrons emitted from reservoiwith

energyE in the transverse channel The indicest in the functionsy describing motion

along they axis (for simplicity, the conductor is assumed to be two-dimensipinalicate
motion in the direction of th& axis along the conductor. Such indices must be introduced

in the presence of a magnetic field. The wave vectors are chosen to be positive, and
ﬁzkﬁm+ em= €, Wheree,, is the quantization energy in thath transverse modé&han-

nel).

The density matrix of the system can be written, in accordance with the assumption
that the reservoirs are uncorrelated, as a direct product of independent factors describing
each reservoir:

/3=Haexp[—2 Cl enCaen(€=1a) |04, (4)
€,Nn
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whereu, and @, are the chemical potential and temperature in resewrvoir

Describing a conductor whose transverse cross section comtaihannels and a
reservoir withN channels, we obtain that the nonequilibrium part of the distribution
function, or the Keldysh Green’s function, will have a small correction, if the nathd
is small, since in this case the fraction of nonequilibrium electrons arriving in each
reservoir from other reservoirs will be small to the extent of the inequaliy< 1. Thus
the ansat£3)—(4) used in the Landauer approathe approach using a scattering matrix
satisfies, to a high degree of accuracy, the boundary conditions on the Keldysh function
(2) (see also Ref. )7 The number of channels in the reservoir must be determined at a
distance of the order of the inelastic mean free fah, from the conductor, where we
assumd_ ;=L andL is a characteristic dimension of the conductor. For a dirty conduc-
tor with a constant cross section, the ratio of the number of open channels to the total
number of channelg)/N~1/L<1, wherel is the elastic mean free path, plays the role of
the small parametar/N<<1.

Now using Eqs(3)—(4) to calculate the correlation function of the total currents in
the reservoirg8’ and B in the sectionx; andx, at finite frequency,

(1-o(B" X)) W(BX2))) = f dtexp(i wt)Tr{lA?lAﬁ'(Xl)eiﬁtiﬂ(xz)efiﬁt}

— (T (x)){1 5(%2)) (5)

(hereH=3,, . Cl _.C. cn€), we obtain the expression

a, €N

d
<<I *w(ﬂrvxl)l w(IB7X2)>>:2e2 2 J Fena’(el)[l_na(e)]

a’'n"an
BI ’ /n/ B n
X 369 (x) JBN, (%), ()

Here (and in the formulas belowe’ =e+7%w, € =e(k’), and Zeeman splitting is ne-
glected. The inde3 enumerates the reservoirs where the current is measured and the
index @ enumerates the reservoirs from which electrons are injected. The current matrix
elements can be expressed in terms of the scattering matrix ele®gpts, ,, as fol-

lows:

a’e'n’ E *
‘]a,e,n - Sa',ﬁ,e',n,msa,ﬁ,e,n,m

efi(ky mtkom)
—— (M€l |me.)

m'm 2M
e? ) exp(—i(k’, »—Kn,m)X)
- M_C<m,€+|Ax(Y)|m€+>) r—? =
Vn’m’vnrn

eﬁ( - I(rll,n_ I(n,n)
2M

e exXpli (K = Kn,)X)
_m<nE|Ax(y)|nE>) Vin

(ne_|ne_)

R,a’aR,a
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+S*

a’,B,e",n’,m’

("€ [ne_)

eﬁ(kr,]/’m/ - kn,n)
2M

2

e (el |Ady)lne.) exp(—i(k;,'m,Jrkn’n)x) 5
T~ A{MEL[AY)[NE_ ; R,a

Mc /anm/Vnn

eﬁ(—k', ,+knym) ,

+Sa,,8,e,n,m( r12|\r;| <I’l’6,|me+>

e2 ’ equ(kr’]’ n’+kn m)X)
———(n"e_|A(y)Ime,) = : OR,a’; (7)

Mc /Vnrannm

herev=2de(k)/hok. The last two terms in the expressions presented above are zero at
zero frequency, and these are the terms that give finite noise at finite frequency in an ideal
conductor, where the scattering matrix has the trivial f¢fon two reservoirs denoted by

the indicesL andR) S, g c.nml®= 6L 40 sOn.m+ Or «OL pOnm-

In the presence of a magnetic field the overlap of the transverse wave functions is
(n"e\Ime_y=Jdyxl , (Y)Xen-(y), and the matrix elementn’ e’ [A,(y)|me_)
=fdyX:,’n,’+(y)A(y)X6,n,_(y) depends on the energies and the signs ofktkrectors
(*). The contributions of interest to us, which are due to the nonlinearity of the spec-
trum, contain matrix elements of the transverse wave functions describing the edge states
on two different edges. If the width of the conductor is much greater than the effective
magnetic lengthd>a,,, then noise in an ideal conductor at finite frequency is exponen-
tially suppressed. As an illustration, we present an expression for the overlapping of the
zeroth-order transverse wave functions in the presence of a magnetic field for a conduct-
ing channel formed by a square confining poterlﬂz@y)zmﬂéyzlz

ﬁ(k'—k)zwﬁ)
k',0k0y=exp ——————|,
(k.00 p( 4mQ3

, f(k' +Kewy
(k .0|A(Y)|k.0>=—W<k ,0/k,0).

For convenience the wave vectors in these expressions, in contrast to all other formulas
in this letter, are determined with the sign. H&8= Q3+ w3,

2ﬁ2k2 2 2
0

+(N+1/270=—
Q%2m 0§52

oy=|e|H/mc, e(k)= +(n+1/2)4 0.

If the form of the confining potential is more complicated, for example, because of
Coulomb effect$? the expressions change accordingly.
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Without a magnetic fieldm’|m)y= &, . In the single-channel case without a
magnetic field we obtain

R . 2e%#2
(1= (XD1 ,(x2)))= (ZT)J

de

VE’Véh

{nL(e) (1= () (k+K )T T ek Kt

+nL(e) (1= ng(e)[(k+K )T (1-T ek ka2
+(kfz_kz)Téle—ik’(xl—xz)(reeik(xl+x2>+r:e—ik(x1+x2))

+(K = K)2T e 60D ng(e) (1-ny (e)[(k+K')T,
X(1_TE,)ei(k—k’)(x1—x2)+(k2_k/Z)Tseik(xl—xz)(réreik’(x1+x2)
¥ e K0t 4 (K —k) 2T kKD ng(e ) (1-ng(e))
X[(k+k')2e kK= 4 (k+Kk")?R,, R e/ K~ K)a=x2)
_(k+k/)Z[r:,rsei(k—k’)(xl-%—xz)_'_r:rére—i(k—k’)(xlﬁ—xz)]
+(kz_krz)[ree—i(k—k’)xl—i(k+k’)x2_relei(k+k')x2
+r:,ei(k—k’)x2e—i(k+k’)xl_rEei(k+k’)xl]+(k2_k/2)
X[r:,Reei(k—k')xl—i(k-%—k’)xz_reRerei(k+k’)x2
_Relr:efi(kfk’)xzfi(kJrk’)xl_ Rére/ei(k+k’)xl]
_(k_k/)z[r:e—i(k+k’)xl_réei(k+k’)x1]

X[r:efi(kJrk’)xz_rsrei(k+k’)x2]]}' ®)

where R.=|r |?=1—T,. From this expression we obtain the estimate—T)
<(hw)?l € for values of the transmittance such that the “unusual” contributions are
substantial at finite frequency.

We shall now write out an expression for the noise in a quantum point contact, if
one channel is completely opened and the wave functions can be represented in the
quasiclassical form
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(it = | df[ 4o
L OXDT (X)) = —
. 2 2m)2) N | (v v) (Vi Vo) VVivavav,

X{nL(e’)(l—nR(e))ex;{ i fxz(k'(x)+k(x))dx>

+ng(e)(1— nL(e))exp( i J'XZ(k’(x)Jrk(x))dx)}

N (k1 t+kp)(ks+kp)

VViV,2V1V2
—k(x))dx)nR(e’)(l—nR(e))exp(ifxz(k’(x)—k(x))dx)H. 9
X1

m(e')(l—m(a))(exp(—iff(k'(x)

It is evident from this expression that the fluctuations are maximum near a constriction,
where the kinetic energy of the longitudinal motion is minimum, and they decrease into
the reservoir. This means that electron motion near the constriction makes the main
contribution to the fluctuations.

The frequency dependence has a singularity @t eV similar to that studied pre-
viously in a normal contact with scatteriigf® and in a contact between Luttinger
liquids?! For a symmetrized correlation function at voltages much lower than the mini-
mum Fermi energy, the spectral density has the form

1. A A . 2e? (hw)?
S H-(,) + 1,0 -, (0]) | = = | ho+ ———1(ho) |, (10

16€x(X)

wheref(fw)=eV for frequenciesiw<eV and f(hw)=%w for Aw>eV. Such a sin-
gularity can be observed in direct measurenférasd in an experiment with an addi-
tional external frequency; see Refs. 20 and 23.

In experiments where the noise is measured at a finite frequency, if the measure-
ments are performed using a resonant loop with Hghonly “positive frequencies”
make a contribution, and the excess noise?igi w)?/(h8eZ) "*(eV—fw).?*

In closing, we note that in previously presented expressions for noise at finite
frequencyt® the terms making a finite contribution in an ideal conductor were omitted;
the main motive, for example, for the present author, was that the corresponding terms
are small. However, the substantial advances made in recent years in measuring noise and
in preparing new mesoscopic conductors hold forth the hope either that it will be possible
to measure even weaker noise in existing structures or that conductors with a very low
Fermi energy and high mobility, where the effect is large, will become available.

I thank D. C. Glattli, M. Reznikov, D. Prober, and especially H. Bouchiat for helpful
and stimulating discussions of the possibility of observing this effect experimentally. This
letter is due to H. Bouchiat's interest and enthusiasm.
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The characteristic features of the luminescence spectra of CdS semi-
conductor nanocrystals, crystallized in hollow channels in a dielectric
template, are explained in terms of excitonic transitions in
semiconductor—insulator quantum wires. The excitonic transition ener-
gies agree with the values calculated taking into account the effects of
size quantization and the “dielectric enhancement of excitons” — the
large increase in the electron—hole attraction as a result of the differ-
ence between the permittivities of the semiconductor and insulator. The
theoretically computed binding energies of excitons in CdS quantum
wires with a diameter of 10 nm reach 170 meV. It is shown that the
excitonic transition energy is constant for a wide range of wire diam-
eters. ©1999 American Institute of Physics.

[S0021-364(99)01115-9

PACS numbers: 78.66.Hf, 78.55.Et, 71.35.Cc

In semiconductor quantum wird®QWs) — nanostructures in which free carrier
motion is possible only in one direction, the electron—hole Coulomb attraction is inten-
sified and excitonic transitions dominate in the absorption and luminescence Spectra.
For QWSs with semiconductor barriers the exciton binding energy is greater than in a bulk
semiconductor(up to 20—-30 meV in GaAs/GaAlAs structufés The binding energy
and oscillator strengths of an excitonic transition can be substantially increased by re-
placing the semiconductor barriers with insulators having much lower permittivities than
the semiconductot:’

For semiconductor—insulator QWSs, the dielectric enhancement of excitons, pre-
dicted in Ref. 8, can be explained by the fact that although both chéefgstron and
hole) are located in the semiconductor wire, the Coulomb interaction energy is concen-
trated in the insulator because of the large difference of the permittiitieselectric
field lines connecting the electron and hole partially or, for thin wires, mainly pass

0021-3640/99/70(3)/6/$15.00 216 © 1999 American Institute of Physics
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FIG. 1. (a, b Atomic force microscope image of the surface of the template — poroy@;4ind(c) profile of
a section of the surface in the direction indicated in the fragrti@nt
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FIG. 2. Photoluminescence spectra of CdS nanocrystals crystallized in hollow channels gOarin&llating
matrix, measured at room temperature with pump radiation polarized at angl¢s) 45 90°(b) with respect
to the direction of the channels in the matrix, as well as the spectra of bulKcl@8d a porous AlO; matrix
with hollow channelgd).

through the insulatgr The binding energy and oscillator strengths of excitons in
semiconductor—insulator QWs can be varied over wide limits by choosing semiconduc-
tors and insulators with different permittivities — the Coulomb interaction can be
“engineered.”

In the present letter we report the results of measurements of the luminescence
spectra of CdS nanostructures crystallized in hollow channels with diameters of 10-12
nm in a transparent insulating template, when the structures are excited with polarized
light. The rapid increase in the luminescence intensity with excitation by light polarized
along the axis of the channels, as compared with light polarized perpendicular to the axis,
showed that the nanostructures crystallize predominantly in the form of QWSs. The exci-
ton parameters — the binding energy, the wave functions, and the excitonic transition
energies — are calculated in a theoretical model that takes into account the size quanti-
zation of the electrons and holes and the dielectric enhancement of the excitons.

Crystallization of the semiconductor in an insulating tempglaiepared by anodic
oxidation of an aluminum substrate was used to obtain the semiconductor nanocrystals.
Oxidation of a substrate electropolished beforehand was conducte@witmA/cn? dc
current in a 10% solution of sulfuric acid at room temperature. CdS was formed in the
resulting pores, which were approximately 10 nm in diameter and several microns long
(Fig. 1), by cathodic electrodeposition in an aqueous solution of 0.1 IYSNa; and 0.1
M CdSQ, at room temperature with a dc current of 1 mAfcfor 300 s. The samples
were annealed in vacuumrfa h at 300 °C tgoermit crystallization of the CdS deposited
in the poreghollow channels in the matr¥)

Figure 2 shows the luminescence spectra of samples containing CdS nanocrystals
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for different polarizations of the excitation radiation. For comparison, the luminescence
spectra of bulk Cd%a single crystal grown from the vapor phased of the insulating

matrix are presented in the same figure. Comparing the spectra, we can conclude that the
luminescence band with a maximum at 2.54 eV and a half-width of about 150 meV is due
to CdS nanocrystals. It can be attributed either to the lowest electron—hole transition in
guantum dotgQDs), to excitonic transitions in the QWs, or to transitions in nanostruc-
tures of both types. If the nanostructures are assumed to consist of QDs, then using the
computed® dependences of the energy of the lowest electron—hole transition on the
radius of the CdS QD, whose dimensions are comparable to the Bohr radius in the bulk
semiconductor, the average radi(®) of the nanostructures can be determined. The
energy of the luminescence band maximum corresponds to the lowest electron—hole
transition in a QD withR~6 nm. When the dielectric enhancement of the electron—hole
interaction in the dielectric environment surrounding the QD is taken into actbtim,
transition energy decreases substantially and the estimated radius is 3—4 nm. These
estimates agree with the measured transverse size of the template channels in which the
CdS was crystallized. However, it should be noted that the well-expressed luminescence
band of CdS nanocrystals arises only if the excitation radiation contains a field compo-
nent parallel to the axis of the channels. This suggests that in the hollow channels of the
template the nanostructures crystallize primarily in the form of wires and not quantum
dots. Inside thin(nanometer sizeparallel wires surrounded by an insulator, the field
component of the exciting radiation perpendicular to the axis of the wire is substantially
weakened as a result of the boundary conditions, which decreases the luminescent inten-
sity and the absorption of light with such polarizatiériThus, we attribute the charac-
teristic features of the spectra of the structures obtained to the luminescence of excitons
in semiconductor—insulator QWs.

Figure 3 shows the theoretically computed excitonic transition energy as a function
of the QW radius and the renormalized band gap of the semiconductor and the exciton
binding energy. The band gap in a QW is greater than in a bulk semiconductor because
of size quantization and because of the appreciable effect of the self-action poténtials,
which lead to additional repulsion of charges from the boundary with the insulator. The
electron—hole Coulomb interaction potential, which is strongly amplified by the image
potentials, leads to large binding energiabout 170 meV withR=5 nm) and exciton
oscillator strengths. Comparing the experimentally determined excitonic transition energy
2.54 eV with the theoretically computed valu@sg. 3, curve @ we find that the QW
radius can lie in the range 5 nmR=<15 nm. As one can see from Fig. 3, in this region
substantial changes in the energy of a free transition are essentially completely compen-
sated by changes in the binding energy. As a result, the excitonic transition energy is
independent of the radius over a wide range of valueR, efhich largely suppresses the
inhomogeneous broadening of the excitonic absorption and luminescence bands in
samples with large QW-size variance. We attribute the appreciable broadening observed
in the luminescence spect(ig. 2, curve ato structural nonuniformities arising during
growth of CdS nanocrystals. This affects primarily the parameters of the semiconductor,
such as, the carrier effective masses and the band gap, on which the computed excitonic
transition energy depends strongly. The parameters of bulk CdS are used in the calcula-
tions: the effective masses,=0.2my, my, =0.7my, andmr‘,‘ =5m,, the high-frequency
permittivity ,,=5.32, the band gap at low temperaﬁ')u‘égzz.SS eV, and the param-
eters of ALO; — e=1.65 andE,=3.5 eV.
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FIG. 3. (a) Theoretically computed excitonic transition ener@y), exciton binding energy, an) the renor-
malized band gap as functions of the radRisf a cylindrical CdS quantum wire surrounded by,B4. The
arrow on the right-hand side of the figure indicates the experimentally measured excitonic transition energy.

In summary, analysis of the luminescence spectra of CdS semiconductor structures
crystallized in hollow channels in an D5 insulating matrix shows that nanocrystals are
formed predominantly in the form of QWs approximately 10 nm in diameter. The dielec-
tric enhancement effect results in large oscillator strengths and binding energies of exci-
tons in such structures. Despite the strong dependence of the exciton binding energy on
the QW diameter, the excitonic transition energy is essentially constant over a wide range
of diameters, which results in strong narrowing of the lines in the absorption and photo-
luminescence spectra of the QWSs.
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Manifestations of bulk crystalline regions with stacking faults are de-
tected in the reflection and photoluminescence spectra of G&8,
crystals with a variety of compositions. The magnitude of the crystal-
field anisotropy and the spin—orbit splitting in these crystals are esti-
mated. It is shown that reabsorption affects the form of the photolumi-
nescence in crystals with stacking faults. 1®99 American Institute

of Physics[S0021-364(®9)01215-3

PACS numbers: 78.55.Et, 61.72.Nn, 71.70.Ch, 71.70.Ej, 71.35.Cc

The solid solutions CdS ,Seg, are well-known model objects for investigating ex-
citon localization by large-scale volume fluctuations of the composttidithe radiative
recombination of excitorfsand the shape of the long-wavelength absorption &tlyave
been studied in detail. It has been shown in a number of works that in G88& solid
solutions with a low concentration of one of the anionic componerts(.01) the
excitonic reflection spectrunfERS and the photoluminescend®L) can be strongly
altered®’ This is due to exciton localization in near-surface potential wells formed by a
solid solution with band gag, less than in the interior volume.

The question of near-surface exciton localization in CdSe, solid solutions with
large x remained open. To date only broaden®d, andC bands of excitons, mono-
tonically shifting (asx changel and characteristic PL, consisting of a localized-exciton
line (zero lin® and its photon replicas, have been observed in the ER®r this reason,
our main goal in the present work was to observe near-surface radiative localization of
excitons in Cd$_,Se, solid solutions with a high content of anionic components. How-
ever, in the course of the investigation it was determined that there exists a different
effective channel for radiative recombination of excitons. This channel is associated with
structural defects in the experimental crystals.

For the investigations CdS,Se, single crystals withk~0.15, 0.30, and 0.50 were
grown by sublimation at 950 °C. The initial mixture was initially homogenized by re-
peated sublimation. The maximum dimensions of the single crystals were approximately

0021-3640/99/70(3)/6/$15.00 222 © 1999 American Institute of Physics
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FIG. 1. X-ray emission spectra of CgiSe,, samples for excitation by an electron beam with energy 8 (@V
and 20 keV(b).

2X5 mm with thickness ranging from 0.1 to 1 mm. The crystals were not intentionally
doped during growth. The ERS and the PL spectra were investigated from the native
faces. A total of about 20 samples was investigated. The stoichiometric composition of
the near-surface region of a number of the experimental crystals was investigated quali-
tatively. A JEOL JSM-6600 scanning electron microscOROENTEC-M3 x-ray detec-

tor) was used for x-ray microprobe analysis. The data were adjusted for the background
and absorption of the x rays. Figure 1 shows a typical x-ray spectrum of one such sample
Cds _,Sg (x=0.50) with excitation by electrons with different energies. Analysis of
these spectra showed that excess Se near the surface could comprise 1-3%, and it varied
in different parts of the sample within these limits.

In most experimental samples of the solid solutions the well-known ERS, polarized
in accordance with the published dateiere observedFigs. 2a and 2d However, in a

M\J,Euc EIIC/
e a

\\‘ B / Tt
Ce
b \ ?s; ‘ elc
s ElC /\'/ It
::\M\tq.www po~ "8 e
\ Ny EIIC LA

L

R (arb. units})

TM\\I d "4 | Elc
1

~
e \0,/
Ay e ELC // !

1 L Il
2200 2240 2280 2050 2100 2150

Energy (meV)

FIG. 2. Exciton reflection spectrum @t=4.2 K: a — classical ERS of Cdgbey, samples; b — anomalous
ERS of Cd$,Se,samples; ¢ — anomalous ERS of GgSg, samples; d — classical ERS of CgSe,,
samples.
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number of samples different reflection spectra were also observed. Their main feature
was the presence of a new polarized structérg-(@ndBgg) on the long-wavelength side

of the excitonA. The new features of the ERS had the form of dispersion contours and
were sharply polarizedggL C, Bgg| C (Figs. 2b and 2c The distance between the new
lines(featureg ranged from 5 to 15 meV in different samples. Sometimes these new lines
could be observed simultaneously with the well-known ERS lines when different parts of
the same crystal were investigatéeigs. 2a and 2b In this case theA—Ag¢ distance

could be estimated, and it was found to b5 meV for the solid solution with
~0.30. In some samples the new lines predominated in the spectrum. In this case another
feature could be observed in the reflection spectrum, shifted fd@min the short-
wavelength direction by-75 meV (Fig. 20.

We assumed initially that the new features could be due to localization of excitons
near the surface of a Se-enriched crystal. In this case a potential well could arise near the
surface because of the decreasEg)n8 However, the high intensity of the new lines in
the reflection spectrum, comparable to the well-known ERS of the solid solution, their
unigue polarization, and the splitting led us to a different conjecture.

As is well known? I1-VI compounds and solid solutions based on them crystallize
in the cubic(sphalerit¢ and hexagonalwurtzite) lattices. The characteristic structural
feature of these crystals is their tendency to form stacking f&8F5s i.e., alternation of
the layers that is incorrect from the standpoint of a given sequence. The effect of the
stacking faults on the ERS in 1I-VI compounds and their solid solutions has been inves-
tigated in detail by Suslina, Fedorov, and co-workéghe appearance of stacking faults
in the sphalerite structure results in splitting of the single excitonic line into a doublet
with oppositely polarized components. The splitting is determined by the strength of the
anisotropic crystal field:'°

We assume that the additional structure which we observed in the ERS of
CdS, _,Seg, solid solutions is due to the appearance in them of crystalline regions con-
taining a sphalerite structure with stacking faults. This results in the appearance of a
doublet of excitonic linesAsg,Bsg) with opposite polarization. The doublet is shifted in
the long-wavelength direction, sinég, for sphalerite is less tha, for wurtzite in both
CdS and CdSe. The quite large splitting of the doublgtto 15 meV is indicative of a
strong anisotropic crystal field. This value for hexagonal structure is 17 meV in CdS and
25 meV in CdSe, varying monotonically with composition. The new short-wavelength
feature in the reflection spectrum should be attributed in this case to the spin—orbit-
splitoff state in a structure with stacking fault€4y).

The new features are clearly seen in the PL spectrum of crystals with stacking faults.
Ordinarily, the characteristic radiation of localized exciton,%)( and their phonon rep-
licas (L}\'z) is observed in the PL spectrum of CGd$Se, solid solutions at low tempera-
tures. The zero-phonon line is shifted relative to the excitonic absorption line of the solid
solution by an amount that is correlated with the exciton localization energy. In the
spectra of the CdS,Se solid solutions with stacking faults, intense emission lines
resonant with the characteristic features in the reflection spectrum are observed together
with (and sometimes withouthe ordinary PL of localized excitons. Figure 3 shows the
PL spectrum of three such CgdS.Se, samples withx~50. Besides the PL line2, the
Asg line and its phonon replicas are observed. Luminescence due mainly to stacking
faults is observed in the spectrum in Fig. 3. An attenuated phonon replicalffocan
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FIG. 3. Photoluminescence spectra of g8, samples al=4.2 K in E|| C polarization: a, b — PL from
regions with hexagonal packing and with stacking faults; ¢ — PL from a region with stacking faults.

also be seen in the spectrum, though the zero-phonon line is not observed, probably
because it is reabsorbed. Thus, the characteristic emission line and the system of phonon
replicas corresponds in the PL to crystals with stacking faults. A similar additional
structure in Cdg_,Se (x=0.15) was observed previously in Ref. 11, but it was not
attributed to stacking faults.

To clarify the role of the surface in radiative processes, the surfaces of a number of
samples were treated in a polishing etchant. It is evident from Fig. 4 that after a surface
layer was etched off, the zero-phonon luminescence line due to the emission of localized
excitons in the hexagonal phase vanished and its phonon replicas were greatly attenuated.
We believe that this could be due to localization of excitons of this crystalline phase in a
surface region, as mentioned above, and to reabsorption associated with a definite relative
arrangement of the layers with stacking faults and layers with a hexagonal phase. Thus
for CdS _,Se crystals withx=0.30, as the excitation wavelength varied from 350 to
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FIG. 4. Photoluminescence spectrdat4.2 K: a — Cdg,Se;, samples beforé&op) and afterbottom) etching
(polarizationE || C); b — CdS$sSe s samples befor¢botton) and after(top) etching ELC polarization.
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FIG. 5. Photoluminescence spectralat 2 K for CdS,;Se;; samples excited by a laser with the wavelength: a
— 350 nm; b — 476 nm; ¢ — 514 nm.

514 nm(i.e., as the penetration depth of light into the interior volume increaskd
maximum shifted in the long-wavelength direction from 2230 to 2226 rtay. 5); this
is also evidence of the appearance of reabsorption.

Reabsorption effects are clearly observed in the sample with stacking faults (
=0.15) after treatment in a polishing etchant. A minimum at 2.3Qey. 4b, spectrum
2), located in the excitonic resonance region, is clearly observed in the PL curve before
etching. After etching in a polishing etchant, a distinct radiation péaj¢) and a distinct
system of phonon replica$ig. 4b, spectrunil) arise in this region. Characteristically,
the system of phonon replicas starts from the minimum of the radiation, which once again
confirms the role of reabsorption processé® radiation minimum corresponds to the
maximum of the excitonic absorption line

X-ray investigations using the method of Ref. 12 confirmed the presence of stacking
faults in the samples.

In summary, the excitonic states which we observed and which are due to the
existence of a phase with stacking faults along with a hexagonal phase in S5
solid solutions play an important role in the reflection and emission processes in
CdS,_,Seg, crystals. Reabsorption processes also play an important role in the formation
of the excitonic radiation.

We thank E. P. Denisov for performing the x-ray structural analysis of the samples
investigated.
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Dislocation motion in NaQPb) crystals under a pulsed mechanical
load with and without a magnetic field is investigated. It is found that
the dislocation mobility decreases when these crystals are deformed in
a magnetic field. It is inferred that the observed magnetically stimulated
hardening of NaQPb) is due to a characteristic feature of spin-
dependent electronic transitions in the dislocation—lead impurity sys-
tem which increase the barrier for dislocation motion. 1899 Ameri-

can Institute of Physic§S0021-364(19)01315-§

PACS numbers: 61.72.Lk, 75.80q, 81.40.Ef

The magnetoplastic effect — dislocation motion in a static magnetic field in the
absence of a mechanical load in NaCl, LiF, Csl, Zn, and Al crystals — has been studied
in Refs. 1-7. A detailed investigation of this phenomenon made it possible to conclude
that a magnetic field gives rise to evolution of the spins in a dislocation—paramagnetic
center system, concluding with spin-dependent electronic transitions in this system which
sharply decrease the barrier for dislocation motion. As a result, a dislocation overcomes
the barrier and then moves in the internal stress field of the crystal. A similar cBricept
underlies the explanation of many processes which are affected by a weak magnetic field.
As was shown in Refs. 2 and 3, dislocation motion in a magnetic field in the absence of
mechanical load is not observed in NaCl crystals which contain 0.5 ppm calcium and
1-100 ppm lead. This behavior of dislocations in N&B) could be due to two factors:
first, lead might harden the crystal, so that an additional mechanical load would be
required for dislocation motion in a magnetic field; second, the magnetic field might
create conditions which impede dislocation motion. This letter is devoted to a study of
dislocation mobility in NaQlPb) crystals in a magnetic field under an additional me-
chanical load.

We investigated the mobility of fresh dislocations in annealed KRiflcrystals
containing 0.5 ppm Ca and 10 ppm Pb and in N&al crystals containing a Ca impurity
in concentrations not exceeding 10 ppm, deformed in a static magneti@fetd3 T. A
special setup was devised to produce the pressure pgiSeapezoidal pulses with a 5
min plateau were use(nsets in Figs. 1 and)2

It has been observed previousfithat dislocation mobility in a magnetic field de-
pends on the relative orientation of the dislocation, its Burgers vector, and the magnetic
induction vector. Dislocations parallel to the magnetic induction vector are stationary in
a magnetic field. Therefore the mobility of two types of dislocations can be investigated

0021-3640/99/70(3)/4/$15.00 228 © 1999 American Institute of Physics
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FIG. 1. Average normalized travel distario@ of dislocations versus the shear stredsr NaCl(Pb) crystals
(B=0.3 T,t=5 min): 1 — L, dislocations whose mobility is unaffected by a magnetic fiéle- L, dislo-
cations whose motion is affected by a magnetic fi€les- control experiments in the absence of a magnetic
field, 4 — triple background etching. Inset: Form of the mechanical pulse.

simultaneously when a sample is deformed by a mechanical pulse in a magnetitc field:
dislocations, whose motion is unaffected by a magnetic field Landislocations, whose
mobility is affected by a magnetic field. Control experiments were performed on samples
deformed in the absence of a magnetic field. Repeated selective etching was used to
reveal the dislocations. The measurements of the travel distances were performed under
a Neophot-2 microscope. Since the dislocation densiiy the samples is different, the
average travel distandevas normalized to the distance between dislocatior’s.1The
experimental error from sample to sample was 15%.

Figure 1 shows the dislocation travel distances versus the amplitude of the load
pulse for the two types of dislocations in N&Eb) crystals. It is evident that the travel
distance ofL; dislocations(solid curve, whose motion is not influenced by a magnetic
field, is almost three times longer than the travel distands,afislocationgdashed ling
whose mobility is influenced by a magnetic field. In the latter case, the travel distance
remains essentially at the background lefgaint 4) due to etching away of the surface
stopst! The results of the control experimer(oints 3) performed without a magnetic
field fall well on the curvel in Fig. 1.

For comparison, the analogous dependences for a (8aCktrystal (with a Ca
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FIG. 2. Average normalized travel distadc@ of dislocations versus the shear stredsr NaCl(Ca) crystals:
1 — no magnetic field2 — simultaneous action of a mechanical load and a magneticBiel6.3 T;t=5 min.
Inset: Form of the mechanical pulse.

impurity), where a magnetoplastic effect in the absence of an additional mechanical load
was observed previousfy® are shown in Fig. 2. One can see that a magnetic field
increases the dislocation travel distance under a pulsed deformation of théCldacCl
crystals. It is seen in Fig. 1 that the presence of a lead impurity in (RéCdllecreases the
dislocation mobility in a magnetic field. This seems to be due to the specific nature of the
spin-dependent electronic transitions in the dislocation—lead impurity system, which in-
crease the barrier for dislocation motion.

In summary, our investigations show that the plastic properties of crystals in a
magnetic field depend on the impurity composition. The nature of this phenomenon, just
as for the positive and negative photoplastic effé¢fSjs due to a change in the state of
the electronic subsystem of the crystals.

We are grateful to V. |. Al'shits for a discussion of the results obtained, to V. P.
Kisel’ for annealing the crystals, and to the Research Institute of Solid-State Physics and
Optics of the Hungarian Academy of Scien¢Bsidapestfor the NaC(Pb) crystals. This
work was supported by Grant 97-02-16327 from the Russian Fund for Fundamental
Research.
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