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The large top-quark mass is responsible for the enhancement of the
oblique radiative corrections in SUSY models. We present analytical
formulas for these corrections to th#-boson massn,, and to thez

| "1~ -coupling constants. A comparison with the result of the standard
model fit is made. ©1998 American Institute of Physics.
[S0021-364(©8)00110-8

PACS numbers: 12.60.Jv, 12.15.Lk, 14.65.Ha, 14.70.Fm

Precision measurements of tBeboson parameter§V-boson mass, and top-quark
mass have demonstrated that the standard model perfectly describes this part of physics.
There is no hope of improving the standard model fit by introducing new physics, since
it is already perfect. For the data set announced at the HEP97 Conference we obtained
x?/d.o.f.=18/14(Ref. 2.

Nevertheless, people still believe that there should be physics beyond the standard
model, and the most popular candidate is supersymmetry. In SUSY models there is a
natural reason for the success of the standard model in describing the data at energy
scales of the order of the intermediate boson masses. This reason is decoupling: the
contribution of SUSY particles to the “low energy” observables is suppressed by a
factor of (my,z/Msysy)?. That is why a comparison of the results of the SUSY model
calculations with experimental data gives the lower bounds on superpartner masses. To
perform such a program the one-loop electroweak radiative corrections in the SUSY
models should be calculated, and this has been deee, e.g., Refs. 335However,
since there are a lot of one-loop diagrams and a large number of parameters even in the
simplest MSSM, a qualitative picture of the electroweak radiative corrections did not
emerge. The aim of our investigation is twofold. First, we will present simple analytical
formulas which describe the main part of the radiative corrections in a wide class of
SUSY models; second, we will include SUSY particles in the description of the elec-
troweak radiative corrections developed and reviewed in Ref. 6.
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In the present paper we will deal with observables which are less sensitive to the
strong interactions, i.e., with the mass of té&boson and with the I*1~-coupling
constantgg, andgy . In the future we plan to incorporaté-boson decays to hadrons,
which will enable us to perform a general fit of the data and to get lower bounds on the
masses of superpartners.

In order to calculate the radiative correctionsig;, g5 andgy one starts with the
corrections toG,, mz, anda=a(m;y). The corrections t& , are described in SUSY
theories by box and vertex diagrams and by a correction td\mson propagator. The
corrections tan; anda are described by self-energy insertions. Having calculated all the
terms one comes to the correctionsng,, g,, andgy . The corrections tany, contain
self-energy insertions, and the corrections to the coupling constants contain the vertices
as well. In general all the above corrections are of ortmax,,g/msus;y)2 and there are a
lot of contributions from a large number of diagrams. However, the breakigjJgR ),
symmetry by the large top-quark mass penetrates into the SUSY sector of the theory and
leads to huge enhancement of the corresponding oblique corrections for any value of
Msusy. TO begin with, let us negledj tr mixing. In this case we have to good accuracy:
m%L—m%L:mf (in what follows we will often designaté, asb). For (t, ,b,) loop
insertion into the W-boson propagator we get a result proportional tm;zL(
—m%L)Zlm\széusﬁ 16(my,/Msysy)?, sincem,~2my,. That is why the {,b) oblique
corrections are responsible for the main part of SUSY corrections to gluon-free observ-
ables(We note that the existence of termgm,)* in the SUSY radiative corrections was
observed long agb.Now that we know that the top quark is very heavy and that it
follows from the direct searches that most of the SUSY partners should be much heavier
than M /2, we can claim that the stop—sbottom contribution to the oblique corrections
dominates over the other SUSY contributions to the gluon-free obserjables.term
~m¢/mam3 s, comes from3,,(0), while the terms proportional t&'(0) produce
corrections of ordem?/m3,s,. Higher-order derivatives of the self-energies are sup-
pressed by a factor ofn1j\,\,,Z/mSUSY)2 and should be omitted. Calculating the vector
boson self-energies and keeping the first two terms inkthexpansion, we get the
following expressions for the SUSY contributions to the quantMgswhich are directly
related to the physical observablég,(to my,, V4 to gy andVp to the ratiogy /g, ; see
Ref. 6:

1
dsusWa=—39(M; ,Ng), 1)
mz
2
1 my
SsusWr= dsusWat 3 YL In| — |, 2
me
m% 2_ 2

2 c°—s
OsusyWm= dsusyWat §Y|_32 Il — | +|—3 )h(”WL,mB), ()
me
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FIG. 1. The dependence of the functiég,syV, on mg . The horizontal lines show the difference between the
experimental value d¥, and its fit in the standard modal$®— Vie'= —0.38(46). The solid line corresponds
to the central value, while the dotted lines show a one standard deviation corridor.

where Y, is the left doublet hyperchargeY, =Q;+Qy, S=sin6, c=cosé,

sir? 6 cog §=ma(my/(\2G,m3) (4 is the electroweak mixing angleand the functions

g and h are standard functions which describe the scalar particle contributions to the
vector boson self-energies at one loop:

2 2 2
m?m m
g(ml,m2)=mi+m§—221—22|n _; ' @)
mp—m; \m;
5  4mim3  (mi+m3)(mi—4mimi+m;) [ m?
h(my,mp)=—z+-————+ PRI In| — 1. (5
(m7—m3) (mi—m3) m;

For SUSY partners with masses larger than nmp>m,, the leading term if1)—(5) is
universal; it originates fronty(0) and is given by the functiog:

2 2
1 (mg —mp)?

SsusWi=z3 T 5 7 (6)

mzme

For light SUSY partneramy;~m, we should not expandg,syV,; in powers of

(mfL —m%)/m% but use expressiond)—(5) to describe the electroweak corrections. In

Figs. 1, 2, and 3 the dependences of the functiéggyV; on mi are shown. For the
top-quark mass we use,=175 GeV. The horizontal lines show the difference of the
experimental values df; and their standard model fit. The solid lines correspond to the
central values while the dotted ones correspond to the one standard deviation corridor.
We see from the figures that fom;=200 GeV the SUSY corrections are not essential,
and the inclusion of SUSY partners will not spoil the standard model fit of the data.

Now let us take into account thg tz mixing, which in general is not small, being
of the order of thd-quark mass times the superpartner mass sn@gr mMMgysy. AS

a result of mixing, two states with masses andm, are formedt,;=c,t, +s,tr and
T,=—s,tf_+c,tr, Wherec,=cosf g, S,=sin 6, and our functionss;s,V; depend
on 4 parametersn,, m,, 6, g, andmg, three of which are independeftihe difference of
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FIG. 2. The same as Fig. 1 fofz. A differenceVZ®—VI®= —0.0(4) was used.

m;z; andmg ; Is determined by the top-quark mas$he numerical values of these
L'L LML

parameters depend on the SUSY model. Let us present the formulas for the electroweak
radiative corrections which takig tr mixing into account:

LR 1 . 2 2.2
6SUSYVA:F[Cug(ml!mB)+Sug(m2rmB)_cuSug(mlimZ)]: (7)
v
1 m? 2 1
SsbsyVR= SspsyVat §YL ¢ In _; +s5 In _g —§Cﬁsﬁh(ml,m2), 8
my m,
2 m? ma 2_g2
SsisyVm= SsusyWVa+t §YL52 c; In _; +s5 I é t—3 [cZh(my, )
b b
2.2
2 u>u
+Suh(m27mﬁ)]_Th(m1,m2)- 9

Our approximation should be good for the case when all superpartners have more or less
equal masses. When some spartners are considerably lighter than sbottom, their contri-
bution can dominate and our approximation can fail.
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FIG. 3. The same as Fig. 1 fofy . A differenceVeP— Vo= 45(65) was used.
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It is desirable to compare numerically the formulas for the enhanced radiative cor-
rections with the results of full one loop calculations in SUSY models in order to check
how good our approximation is.
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We consider a minimal supersymmetric extension of the standard elec-
troweak model with Dirac neutrino masses. In such a model for a
significant region of the parameters the right-handed tau sneutrino is
the lightest superparticle and the right-handed charged tau slepton is the
next-to-lightest superparticle. Due to the smallness of the neutrino
masses the right-handed tau slepton is a long-lived particle that alters
the standard signatures used in the search for supersymmetry at super-
colliders. The most striking signatures of such a scenario is the exist-
ence of highly ionized tracks and an excess of multilepton events that is
similar to the phenomenology of gauge-mediated supersymmetry-
breaking models. ©1998 American Institute of Physics.
[S0021-364(98)00210-3

PACS numbers: 12.60.Jv, 14.60.Pq

Supersymmetric electroweak models offer the simplest solution of the gauge hier-
archy problent™ In real life supersymmetry has to be broken, and the masses of the
superparticles have to be lighter thafl) TeV, provided that the supersymmetry solves
the gauge hierarchy problehBupergravity gives a natural explanation for the supersym-
metry breaking, namely, taking the supergravity breaking into account in the hidden
sector leads to soft supersymmetry-breaking in the observable 8&aiothe supersym-
metric extension of the Weinberg—Salam model, soft supersymmetry breaking terms
usually consist of the gaugino mass terms, squark and slepton mass terms with the same
mass at the Planck scale, and trilinear soft scalar terms proportional to the superpotential.
Another standard assumption is that the “minimal supersymmetric standard model”
(MSSM) conserves R-parity. As a consequence of R-parity conservation, supersymmetric
particles can only be produced in pairs and supersymmetric particles can't decay into
ordinary particles, so the lightest superpartidlSP) is stable. The typical SUSY signa-
ture for supercolliders involves missiiig transverse energy as a sign of SUSY particle
production®

In this paper we consider a supersymmetric extension of the Weinberg—Salam
model with nonzero Dirac neutrino masséhe MSSM model with Dirac neutrino
masses We show that in such a model for a significant range of the parameters the
right-handed sneutrino is the LSP and the charged right-handed tau slepton is the next-
to-lightest superparticle. Due to the smallness of the neutrino masses the right-handed tau

0021-3640/98/67(10)/4/$15.00 766 © 1998 American Institute of Physics
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slepton is a long-lived particle, and it decays outside the detector, thus drastically altering
the standard signatures used in the search for supersymmetry at supercolliders. Namely,
the most striking signatures for the SUSY search in the model under discussion include
highly ionized tracks from long-lived right-handed tau sleptons and an excess of multi-
muon signalé)

Consider supersymmetriSU(3)@ SU(2)®U(1) model with Dirac neutrino
masses. The superpotential of the model has the form

W=hy QiH Ui +hg QiH,d;i +h, LiH v +he LiH e+ uH H,. (1)

HereQ;=(u;,d)i, Li=(vi,&), Hi=(H11,H1p), Hy=(Ha1,H2), Uj=Ug,, di=dg;,
vi=vg,;, &=€};, HiH,= € HyH,; . The model under consideration is a minimal gen-
eralization of the MSSM, the single difference is that neutrinos are massive and Dirac
particles. The standard assumption of the MSSM is that at the GUT ddalgr~2

X 10'® GeV, the soft supersymmetry-breaking parameters are universal. For the gaugino
masses, an account of the evolution from the GUT scale to the observable electroweak
scale leads to the formifla

ai(My)
Mi: ! m1/2. (2)
aGut

The gaugino associated with tlhi(1) gauge group is the lightest among the gauginos,
and numerically its mass is given by the formula

M1%0.43T]1/2. (3)

Herem,,, is the common gaugino mass at the GUT scale. In the MSSM the right-handed
sleptons usually are the next-to-lightest superparticles, and in neglect of the Yukawa
interactions their masses are determined by the fofnula

mg_~mj+0.14m5,,—0.22 cos BM. 4

Here mg is the common squark and slepton mass at the GUT scale, ang)tan(
=(H.)/(H,). In neglect of the Yukawa interactions the right-handed sneutrino masses
coincide withmy. It follows from formulas(2) and (3) that for m;,,=2.3m, the right-
handed sneutrinos are the lightest superparticles. Especially interesting is the particular
case whemmy=<0.17m,,,. In this case the charged right-handed sleptons are the next-to-
lightest superparticles. The casg<<m;, is theoretically very attractive, since it allows

one to solve the SUSY flavor changing problem. For the scenario when the lightest
superparticle is the right-handed sneutfirand the right-handed sleptons are the next-
to-lightest superparticlesto be precise, allowance for nonzero Yukawa interactions
makes the right-handed tau slepton the lightest of the right-handed slgptomsight-
handed tau slepton is a long-lived particle due to the smallness of the neutrino masses.
After integration over the superfieldd,,H, one can find the effective superpotential
describing the decay of right-handed sleptons into right-handed sneutrino:

—1
Weff=h,,ihejLikL}6k|viej;. (5)
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For m, >m,, and nr,_>n;, the decay width of the tau slepton in the reaction

TR VRVl Y, rV, T iS determined by the formula

1 me m2m?
R)~ — ®)
19272 u? v2(sin(2RB))>?

I'(r

wherev=174 GeV, andm;R is the tau right-handed slepton mass. It follows from

formula (5) that due to the smallness of the muon neutrino mass the right-handed tau
slepton is a long-lived particle. For instance, for_ =100 GeV, =500 GeV, sin(B)

=0.1, andmvﬂzloo eV the stau lifetime is(7g)~0.3 s. Form,,=10eV the stau

lifetime is 7(7g)~30 s. Such a charged particle is long-livéitl decays outside the
detectoy, and that changes completely the signatures in the search for supersymmetry at
supercolliders. Remember that the standard signatures used for the search for supersym-
metric particles at supercolliders, on the assumption that the LSP is neutral and escapes
detection, are events with hadronic jetsmissingE+r + (n=0) isolated leptons. The
missing E; arises from nonobservation of the electrically neutral LSP. In our case one
will not have missing transverse enerBy, but instead, as a result of the decay of the
right-handed sleptons, there will be two long-lived charged sleptons of opposite sign in
the SUSY event. If these sleptons are nonrelativistic, one can distinguish them from
muons by their highly ionized tracks. For relativistic sleptons it is difficult to distinguish
them from muons, so one will have an excess of multimuon events in the final states with
5 or more isolated muons and very little hadronic activity. The standard background with

5 or more isolated muons is extremely small, and the predicted signature is very clean. It
should be noted that in gauge-mediated supersymmetry-breaking models charged slep-
tons could be the next-to-lightest superparticles and decay outside the detector for a large
region of parameter spafeA similar situation takes place in a model with superweak
explicit R-parity violation! The phenomenology of these models is very similar to the
phenomenology of the model considered and has been discussed in Refs. 6 and 10.

In conclusion let us formulate our main results. We have considered the simplest
generalization of the MSSM model — the MSSM with nonzero Dirac neutrino masses.
We have shown that for large and theoretically very attractive regions of parameter space
the lightest superparticle is the right-handed sneutrino and the next-to-lightest superpar-
ticle is the right-handed tau slepton. Due to the smallness of the tau neutrino mass the
right-handed tau slepton is a long-lived particle and decays outside the detector, thus
altering completely the MSSM signatures used in the search for supersymmetry at super-
colliders.

| am indebted to V. A. Rubakov for discussions and critical comments. The research
described in this paper was made possible in part by Award No RPI-187 of the U. S.
Civilian Research and Development Foundation for the Independent States of the Former
Soviet Union(CRDP.



JETP Lett., Vol. 67, No. 10, 25 May 1998 N. V. Krasnikov 769

de-mail: krasniko@ms2.inr.ac.ru

YThe phenomenology of the model considered is similar to the phenomenology of some gauge-mediated
supersymmetry-breaking mod&lsnd a modélwith superweak R-parity violation.
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The differential cross section of the reactioneD{p)e’ 7~ is mea-
sured in the range of proton momenta 300—720 Me®hd proton
emergence angles 64—-83° for invariant masses opthgystem rang-

ing from 2m, to 2220 MeVt2. The measured values of the cross
section are found to differ substantially from single-particle model cal-
culations. The components of the analyzing power for this reaction are
measured. ©1998 American Institute of Physics.
[S0021-364(©8)00310-7

PACS numbers: 25.30.Rw, 27.1€h

There are few experimental results so far on exclusive electro- and photoproduction
of ¥~ mesons on deuterons, especially for values of the two proton momenta above 250
MeV/c, where reaction mechanisms which have still not been investigated could appear.
In an experiment performed at the Bonn electron synchrotron, an estimated upper bound
on the cross section for the production of a narrow dibaryon resor@nitemass 2230
MeV/c?) observed in the distribution over the invariant mass offiiper~ system, was
obtained, and a narrow peak was observed at 2014 bfeNthe mass distribution of the
pp system*? In experiments on the DESY synchrotron manifestations dfstates in the
deuteron were observed in the angular and energy distributions qfthepairs pro-
duced in ayD reaction® The photoyields ofr~ mesons in an exclusive reaction, mea-
sured at Saclay, differed appreciably from theoretical estinfates.

The investigations described in the present letter were conducted in a range of larger
proton emergence angles and masses opfigy/stem than in previous experiments. This
kinematic range is of interest because there is a possibility of obtaining new information
about the dynamics of thEN interaction at short distances and about the role of ex-
change currents and isobaric configurations. Moreover, we have measured the compo-
nents of the analyzing power, which are highly sensitive to different dynamical effects
and to the details of the deuteron structure.

The experiment was performed at 2 GeV on the internal target of thePVE

0021-3640/98/67(10)/7/$15.00 770 © 1998 American Institute of Physics
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A-A

FIG. 1. Diagram of the detection systeth— Drift chambers,2 — thin plastic scintillation counters3 —
Nal(Tl) scintillation counters4 — thick plastic scintillation counter$ — storage cell-targeH,; andH, are
the directions of the magnetic guide field.

electron storage ring simultaneously with measurements of the components of the tensor
analyzing power for elastied scattering and electrosplitting of the deuter8mn inter-

nal polarized deuterium gas target was usd@the deuterium target thickness visible by

the detector was (3:00.12)x 10'! atoms/cm, and its degree of tensor polarization was
determined from elastied scattering measurements &, ] =0.572+ 0.053>

The measurements were performed by the method of detecting two protons in co-
incidence using a detection system consisting of two identical two-arm detectors. The
arrangement of the detectors is shown in Fig. 1. All four arms of the two proton detectors
were also hadron detectors in an elastitscattering experimei The angle between
the median planes of the detectors was equal to 90°. The arms of the detectors, positioned
symmetrically with respect to the axis of the electron beam, each included six drift
chambers and three plastic scintillation counters with thicknesses of 4, 10, and 10 mm.
The spatial resolution of the drift chambers was equal to 1 mm. Two “thigkand 11
cm thick) 22 X 30 and 22x 45 cm Nal(TIl) scintillation layers were placed one after the
other behind the thin counters in the two lower arms of the detectors. In the upper proton
telescopes the “thick” layer (68 100X 20 cm consisted of three polystyrene scintilla-
tion blocks 20k 100 cm in area and 20 cm thick, placed 1.7 m from target center behind
the thin counters. Two photomultipliers viewed the scintillation blocks from the ends.

Each proton telescope provided for the detection of particles emerging from the
target in the range of polar anglésrom 64 to 84°. The intervah ¢ of azimuthal angles
was equal to 36°. Only events in which both protons remained in the detector were used.
The range of measured proton kinetic energies was 46—-264 MeV and 55-180 MeV for
the lower and upper proton telescopes, respectively. The energy of the protons was
determined from the ratios of the energy losses in the scintillation layers. The particle
energy losses in the telescope components and the amplitude and energy distributions in
the scintillation layers were calculated by the Monte Carlo method using the UNIMOD-2
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code® Absolute calibration of the telescope counters was performed periodically by
measuring in the scintillation layers the energy losses of cosmic rays and protons with
known energy from the reaction B{pn)e’. The energy resolution of the telescopes
depended on the energy of the protons and was no worse than 8% for protons with energy
E,<145 MeV and 10% forlE,<264 MeV. The simulated detector resolution with re-
spect to the effective mass of tpg system has the following form:

Mop, MeV/c? 2000 2030 2160 2090 2120 2150
My MeVi/c? 4.2 54 5.8 6.9 7.7 8.1

For each detected event, information from the drift chambers, the pulse heights of
the scintillation counters, the temporal positions of the pulses of all the plastic scintilla-
tion counters, the accelerator current, and the sign of the tensor polarization of the target
were recorded on tape. The data files collected were subjected to initial programmed
processing, during which the counters were calibrated, the data were corrected and fil-
tered, and the geometric, temporal, and amplitude characteristics of the events were
reconstructed. At the next stage of processing the protons were identified, the momentum
vectors of both protons were determined, and the coordinates of the event vertex were
reconstructed. The pion momentum and the photon energy were calculated in the ap-
proximation of zero electron scattering angle. Events were selected for which the polar
emergence angles of the protons fall into the intefgl= 64—84°, the coordinates of the
vertex lie in the electron-beam—target interaction region, and the undetected mass is not
less than the rest mass of a charged pion.

For the selected events, the reaction yie¥gjs in each detector were determined
for two signsj of P,, and two direction of the magnetic guide field. The yiel of the
reaction Dg,pp)e’ 7~, summed over, j, andk, in the six-dimensional phase volume
Vg of the momentum space{, p,) and the differential cross section of the reaction are
related as

el dba

Y(Ve)= f d*p,d3p,, 1

Ve?t d3p1d3p2

wheree is the efficiency of detection and selectionppfeventsK; is the total coefficient

of correction for the nuclear interaction of the protons in the telescope materials and the
dead time of the detector, and is the integrated luminosity, obtained from elastic
ed-scattering measurements. The reaction phase voltgr@ptured by the detector was
calculated by the Monte Carlo method.

The volumeVg can be divided into elemeni®/g whose number is chosen accord-
ing to the amount of statistical data collected. Representing an element of phase volume
as 6Vg(x) = Vs(X) ox, wheredx denotes the partitioning interval for any of the six inde-
pendent variables, we obtain on the basis of expreqdipthe experimental differential
cross section averaged ovéYe:

do _AY(8Vg(X)K,

axdve T T oxVeel @
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HereAY(6Vg) is the reaction yield in the voluméVg(x). Relation(2) can be integrated
overdVs(x) and the quantitfda(Vs5(x))/dx obtained can be defined as the differential
cross section with respect to the chosen variable. In this manner one can obtain the
distribution of a quantity that depends on all six parameters, for example, the effective
mass of the proton—proton system. For any valud/gf, and intervaloM ,, the events

for which p; and p, satisfy the conditionM ,,<\(E;+E3)*—(p1+p2)°<(Mpp

+ 6M,,) are selected. In this manner one can find the reaction yield, which depends on
My, and the magnitude of the intervaM,, in an element of volum&Vg(M ) and

then the desired distribution

dU(WB(Mpp))_AY(5V6(Mpp))Kt 3
dMy,  eLoM,, ®

The dependence of the cross secti@pintegrated ovedVs on the momentum of the
“fast” proton, i.e., the proton with the highest energy in each event, and the dependence
of the cross sectiofB) on the effective mass of thgp system are presented in Fig. 2. The
statistical errors of the measurements are shown in the figure, and the systematic errors in
the measurements do not exceed 5%.

The experimental results were analyzed in the single-photon approximation. The
cross section of the process initiated by electrons can be expressed in terms of the cross
section of a reaction induced by virtual photons:

dbo Jsi—medw dQen(si 0,00, 00) d607*(w) .
d®p,d®p, Jo Qe w d*p,dp,
Heren(s;,w,0.,¢.) determines the energy and angular distributions of the virtual pho-
tons. The cross section of the photoprocess can be taken out from under the integral over
dQ, for 6,=0 (forward-scattering approximatipnThe energy spectrui(e; ,w) of the

virtual photons, which is obtained by integratinfe; ,w, 6., ¢.), has the form presented

in Ref. 10. In the forward-scattering approximation a virtual photon on the right-hand
side of EqQ.(4) can be replaced by a real photon. If the production of two protons is

4
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accompanied by the production of only singteé mesons, then the right-hand side of Eq.
(4) contains the cross section for the photoproductionrofon a deuteron in the case
when the proton momenfa, andp, are determined:

o, —
m=K(w,p1,p2)|Myl d(o+My—E;—E,—E,). (5

Here K(w,p1,p,) is a kinematic factor, antfl, is the amplitude of ther™ photopro-
duction reaction on a deuteron.
Substituting expressio(b) into Eg. (4), we obtain

dbo N(e;,w,) —_—
d3p1d'§p2: (’I)r r K(wriplvp2)|My|2' (6)

where w, is found from the conservation laws for the reactiore[p(p)e’ 7~ with 6.

=0. The amplitudeM , was calculated on the basis of the plane-wave impulse approxi-
mation. The single-nucleon operator for the productionrof on a neutron was taken
from a phenomenological analysisThe Pauli principle was taken into account in de-
scribing the proton-proton state. The calculations performed for different types of deu-
teron wave function§DWFs) are essentially identical. The curves presented in the fig-
ures were obtained with DWFs based on the Paris potéftial.

The reaction yields and distributions which we analyzed were also calculated with
the ENIGMA code'® used for simulating exclusive pion electro- and photoproduction
reactions on nuclei. This code employs a model in which an electron interacts with one
nucleon in the target. The process of absorption of a virtual photon by a bound nucleon
followed by emission of a pion is described by an operator describing the creation of a
pion by a real photon on a free neutrtiThe model of Ref. 15 is used for the momen-
tum distribution of the nucleons in a deuteron. The figures show the computational results
for the total reaction yield for all possible electron scattering angles obtained with
ENIGMA. The reaction yield with electrons scattered in the interval of polar angles
0., =0-5° accounts for 97% of the total yield.

The differential cross section of the reactioned{p)e’ 7~ on a polarized deuteron,
integrated over all independent variables except for the solid diglef the “slow”
proton, can be expressed-&s

V3 P,

do _doo ), P, sin 6, sin o Ty, +
——=——11——P, sin 4 sin ¢4 — 20
dQ, dQ, 2 7 ) 2

3 3
+ \[g Sin 204 cos @y Ty + \[g Sir? 64 cos 2p4T5, ] (7)

wheredo,/d(}, is the cross section of the reaction on an unpolarized tafgef; Too,
T,,, andT,, are the components of the vector and tensor analyzing poRersnd P,
are the degrees of vector and tensor polarizations of the target; the ahotesl ¢4
determine the direction of the magnetic guide field in a coordinate system where the

3cog 64—1
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FIG. 3. Experimental results for the components of the analyzing power as a function of the effective mass of
the pp system.

axis is directed along the axis of the electron beam andthplane is the emergence
plane of the “slow” proton. Using expressidid) and given the experimental yield%k,
one can obtain the components of the analyzing power:

KB3V2 S DAY Y, ] B[], -3Y] ]
IRy Y N Y ’
— 1%y —vi
. 4k¢ i,j=l,2( ) [ j J+] (8)
RELY Y ’

wherek,, is a correction which takes into account the detection interval for the azimuthal
angle andY is the reaction yield summed over all states. As we noted eirtteese
combinations make it possible to reduce the systematic errors of the measurements to a
minimum.

Analyzing the experimental data obtained, one notices that there are no reliably
observed resonances in the experimental mass interval pfpthgstem(Fig. 29 and that
the experimentapp mass distribution, in contrast to the phase distribution, has the fol-
lowing structure: diffuse peaks, which are wide compared with the detector resolution,
near the masses 2036 Me&¥/and 2100 Me\W? and a narrow peak near 2041 Me¥/
However, additional measurements and careful analysis are required in order to deter-
mine the nature of this structure. It is evident from the same figure that the experimental
cross sections are much larger than the computed cross sections and that this discrepancy
increases with the mass of thp system. The experimental and computed cross sections
also differ appreciably in shape.

An increase in the disagreement with the theoretical calculations for momenta 400—
500 MeVk can be seen in the behavior of the measured cross section as a function of the
momentum of the “fast” protor{Fig. 2b). Here, just as in Fig. 2a, the calculations do not
describe the shape of the experimentally observed dependences of the cross sections. The
cross section as a function of the momentum of the “slow” proton also behaves simi-
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larly. This shows that the single-particle models selected, which describe satisfactorily
the behavior of the cross sections for the electro- and photoproductien ofiesons on
deuterium in the region of comparatively small momenta of the spectator protiomot

give agreement with the results of our experiment. The dependence of the measured
polarization observables v, is shown in Fig. 3. One can see that the character of the
behavior of analyzing power components is different, whijg is observed to increase
substantially near the mass 2050 MeX/The large value of the componefj, of the
analyzing power is interesting. Irrespective of the interpretation of the polarization data,
the experimentally observed large values of the analyzing power components of the
reaction are of practical interest for deuteron polarimetry.

The above analysis of the distributions does not exhaust all possibilities for experi-
ment. In future investigations the set of distributions which are analyzed will be enlarged
and additional reaction mechanisms, taking into account the contribution of meson ex-
change currents and excitation and decay of nucleon resonances, will be considered.

This work was supported by the Russian Fund for Fundamental Res@doch
93-02-3514.
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Results from the Spherical Nonmagnetic Dete¢®XD) on A(1232)
isobar electroproduction in the collisions of beam electri@usitrong

and residual gas nuclei in the VEPP-2M e~ collider are presented.

On the basis of the data obtained the expected counting rate of this
process in future high-luminositg* e~ colliders (¢, c—7, andb fac-
torieg is estimated. ©1998 American Institute of Physics.
[S0021-364(98)00410-1

PACS numbers: 25.30.Rw, 14.20.Gk, 13:6b.

Electron or positron beams propagating along a collider beam pipe can produce
pions on nuclei of residual gas atoms. At a beam energisf500 MeV (¢-factory
region the main source of such pions is the electroproduction of At#232) |(J7)
=3/2(3/2") isobar staté.In an electron—nucleus collision a nucleon can convert into
either AT (ep—eA™) or A° (en—eA% with a subsequent decay df(1232) into
nucleon and pionA " —px,n7*; A’ p7~,n7°. The total number ofr° produced is
twice as high as that of™ or 7. At an electron energy of about 500 MeV the cross
section of the isobar electroproduction is proportionalAtothe atomic weight of the
target. But only thosé\-isobars which are produced on the surface of the nucleus will
actually decay byA —N. For A-isobars produced inside the nucleus the reactidh
— NN dominates. This means that ta&l—eA, A— aN cross section must be propor-
tional to A%,

The total cross section of the isobar electroproduction on a nucleon at an electron
energy of 510 MeV is about gb. This reaction is a possible source of background at
factories? It can be also an actual background in experiments at higher enéitgiestal
cross section is aboutu® in thec—7- and 12ub in theb-factory energy region This
paper presents results of experimental study £232) electroproduction with the SND
detector at the VEPP-2M" e~ collider in Novosibirsk. The SND detectbconsists of a
drift chamber tracking system with an angular resolutigr-2.2°, o ,=0.7° anddE/dx
resolution of about 30%), a three layer KE) spherical electromagnetic caloriméter

0021-3640/98/67(10)/4/$15.00 77 © 1998 American Institute of Physics
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FIG. 1. dE/dx, specific ionization losses of electrons and protons, produced 1232) decays. Crosses —
electrons, stars — protons.

with an angular resolution 0y=0,=15° and energy resolutionog/E
=4.2%A/E(GeV) for photons, and a muon identification system. Bhisobar electro-
production process was studied in tap—eA™, AT — pa? channel because of its very
distinct signature: two photons from®-meson decay and two tracks from electron and
proton. It is important that in this case the photon energies and invariant masses are
known, and electron/proton separation based Bidx measurements in the drift cham-
bers is possible. Monte Carlo simulation of theisobar electroproduction on a single
proton, based on formulas from Ref. 2, was used for studying selection criteria and
detection efficiency. The passage of particles through the detector was simulated using
the UNIMOD-2 code’

Experimental data collected in 1996 in the energy rangg=21.00—1.04 Ge\},
with an integrated luminosity of =0.5 pb ! were processed. Events with two charge
particles and two photons were selected for further analysis. To suppress the background
from decays of copiously producesl mesons ¢— 37,KK, , K"K, etc) the follow-
ing selection criteria were applied: the total energy deposition in the calorimeter had to be
less than the beam energy, the angle between charged particles had to be smaller than
150 degrees, which greatly redudé$K ~ andK K, background, andE/dx for one of
the charged particles had to be at least twice that of a minimum ionizing particle. The
coordinate of aA-isobar production point along the beam was reconstructed from the
charged-patrticle tracks. Then a kinematic fit was performed under following constraints:
the particle with the largedE/dx is considered to be a proton; the total transverse
momentump, =0; the longitudinal momenturp=E,/c; the photons originate from
m%— yy decay; and the total enerdy=E,+ m,c*, wherem, is the mass of a proton.
Eighty events consistent with these assumptions were found. Their production points are
uniformly distributed along the beam direction of a 20-cm fiducial length, in contrast with
the background, which is peaked at the point of collision of the beams. The dependence
of dE/dx on the reconstructed charged-particle momentum is shown in Fig. 1. Electrons
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FIG. 2. Then? polar angle distribution in\ (1232) decay.

and protons are well separated, and the momentum dependence of the proton specific
ionization losses is clearly seen. The characteristic feature aAtherN decay is that
m-mesons are emitted at large angles with respect to the beam dirédthen experi-
mental and simulated distributions shown in Fig. 2 are in good agreement. The proton—
pion invariant mass spectt&ig. 3) are peaked between 1200 and 1250 MeV. The peaks
are located at 12186 MeV and 12352 MeV in the experimental and simulated distri-
butions, respectively. The expected number of selected experimental events can be writ-
ten as:

I
N=—toNle,
e

wherel =30 mA is the average beam curreetis the electron chargé=7x10° s is the

total data acquisition timé,=20 cm is the fiducial lengthg=2ub, N, is the effective
density of protons, and=0.026 is the detection efficiency. The number of observed
experimental events ibl=80+ 9(statisticaly- 10(systematic). This corresponds Mg
=6x10"Ym®. The residual gas pressureRs=nkT, wherek is Boltzmann’s constant,
T=300 K, andn is the density of residual gas molecules. The expected composition of
the residual gas is $4+— 30%, CH, — 10%, CO — 20% and CO— 40%. In this case
N,=6n, and P, calculated using the above expression, is equal 1 3(statistica)
+2(systematicnTorr. This value agrees with direct pressure measuremétis3

+2 nTorr. The large systematic error in the former value is due to uncertainty in the
residual gas composition. At the BINE ¢ factory (I1=5A, P=1 nTorp the rate of
theep—eA™, A" —p=° reaction is~1.2 Hz/m. Taking into accoult " —nx* decay

and A° electroproduction on the neutrons the counting rate raises up to 4 Hz/m. This
value agrees with estimate in Ref. 2. Thefactory experimental program includ€P
violation in kaon decays, rare decays ¢fmesons, two-photon processes, &t~
—hadrons annihilation at low energigg.he A(1232) electroproduction process could
be a considerable source of background, for instance, for two-photon prodésses
counting rate foryy— 7° is expected to be 0.2 HAlts counting rate is also comparable
with the rate of the rare>-meson decaygh— y#n’, yf;(980),ya,(980) (<0.5 Hz), or

with K, — 77 decays &2 Hz). On the other hand-4x 10" A(1232) decay events
would be produced at the factory per effective year (10s) per meter of fiducial
length.
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This means that, in addition te*e™ physics, experiments in the field of nuclear
physics, e.g., studies of collective effects in nu¢ki-calledA —h state’), are possible.
This work was supported in part by the Russian Fund for Fundamental Research under
Grants 96-15-96327 and 97-02-18561 and by the International Science Foundation under
Grants RPX000 and RPX300.
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A radical increase in the efficiency of beam extraction from an accel-
erator is achieved with a shoff mm long crystal bent by a small
angle (1.7 mrad by increasing the number of times particles pass
through the crystal. A particle extraction efficiency-eR0%, in agree-
ment with the prediction of the theory, was achieved experimentally. A
record high intensity of the extracted beam> 8 protons per cycle,
which is four orders of magnitude higher than previous results, is ob-
tained. © 1998 American Institute of Physics.
[S0021-364(©8)00510-9

PACS numbers: 29.27.Ac

Bent single crystals have been used successfully for a quite a long time now for
extracting beams from accelerators, including the large modern colfideTéhe use of
single crystals for extracting portions of a 70 GeV proton beam into negative-particle
channels is now standard practice at the Institute of High-Energy PHySiise experi-
mental data collected and a theoretical anafysti®w that the decisive factor determining
the extraction efficiency is the number of times a beam passes through the crystal. The
reason is that when the beam is steered slowly, the depth at which the particles are
“kicked” in the first orbit is small and equals a fraction of a micron, while the surface
layer damaged during treatment is several microns thibi.overcome the layer which
is ineffective for channeling and radically increase the extraction efficiency, it is neces-
sary to increase the number of times the particles pass through the éR/Sminvesti-
gate such an extraction regime a sh@ftmm long silicon crystal with a 1.7 mrad
bending angle was used in the accelerator at the IHEP. The first experimental results are
reported below.

Bending a short crystal while satisfying a number of conditions associated with the
insertion of the crystal into an accelerator presents a definite problem. We employed a

0021-3640/98/67(10)/5/$15.00 781 © 1998 American Institute of Physics
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FIG. 1. a — Diagram of the crystal bending — Experimental arrangement. The dimensions are in mm. ¢ —
Phase portrait of the circulating beam in the U-70 at the location of the crystal: the two solid (denesing
the core and the halare in the horizontal plane, the dashed curve is in the vertical plane.

Si(111) crystal in the form of a 0.5 40X 7 mm (thickness, height, and length along the
beam) wafer. The crystal was bent with the aid of a metal holder containing a 20 mm slit
at the center for passing the bedhRig. 13. To decrease the unavoidable angular defor-
mation (twist) along the height in such a structure a crystal holder in the form of a
parabolic hyperboloid was used to bend the wafer in the transverse direction. A crystal
bent in this manner was pretested on an extracted 70 GeV proton beam. The experimen-
tally measured twist can be expressed by the fornalarad)=5y?(mm), wherey is

the distance from the center of the crystal along the height, and was used in calculations
of the efficiency of beam extraction from the U-70 accelerator.

The crystal beam extraction scheme is displayed in Fig. 1b. In planning the experi-
ment we proceeded from the fact that a bending angle of 1.7 mrad is insufficient for
direct beam extraction. For this reason, it was decided to test the crystal in the existing
slow-extraction scheme. The crystal deflector station is placed in the free rectilinear
segment No. 19 of the U-70 accelerator between a thin magnet and an OM-20 slow-
extraction septum magnet with an8 mm thick barrieqsee Fig. 1 The beam is steered
to the crystal, which is located in the working position 60—65 mm from the equilibrium
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FIG. 2. a— Measured dependerice) of the crystal beam extraction efficienEyversus the intensity of the
beam steered onto the crystak a percent of the beam circulating in the U:7Dhe results of a simulation
without a halo @) and with a 10% halo@) are also showrb — Crystal beam extraction efficien€yversus
the crystal orientation: theory®) and experiment@). ¢ — Curvel — measured time dependence of the
extraction efficiency during steering of the bean— simulated time dependence of the extraction efficiency
obtained assuming a constant steering rate.

orbit, by means of a specially produced local distortion of the orbit, which at the same
time maintains an adequate distance between the beam steered to the crystal and the two
septum magnets.

The crystal splitter station possesses horizontal and angular displacement mecha-
nisms. The crystal is positioned at a prescribed coordinate with an accuracy of 0.1 mm;
the angle is set with an accuracy of 4Gad. A complex beam diagnostics system,
including a television observation system, loss monitors, profilometers, and intensity
meters, was used to monitor the kicking of the beam into the OM-20 aperture and the
guiding of the beam along the extraction path. All the diagnostic instruments were pre-
tested in a fast-extraction regime and calibrated over a wide intensity range. To obtain
uniform steering of the beam onto the crystal in the feedback mode a feedback monitor
based on an RE-93 photomultiplier with a scintillator was used. The monitor was placed
~10 m behind the crystal at the level of the beam orbit. The total frequency band of the
entire feedback loop was equal t610 kHz.

The intensity of the accelerator varied fronx10'2 to 1.5x 10'? protons per cycle
in the course of the experiment. The intensity dumped onto the crystal was varied in the
course of the experiment from 20% to 100%. To begin with, the radial intensity distri-
bution in the beam was measured. Approximately 90% of the intensity was contained in
an ~15 mm core. The dense core is surrounded by a halo where the intensity drops off
slowly. Figure 1c shows phase ellipses of the beam, which were constructed from mea-
surements of the beam dimensions, at the entrance into the crystal.

The so-called orientation curve — the intensity of the extracted beam versus the
angular orientation of the crystal — serves as a direct proof of channeling of the extracted
beam. In Fig. 2b it is compared with the simulation results.

The main problem of the experiment was to determine the extraction efficiency
(ratio of the extracted-beam intensity to the intensity of the beam kicked out of the
accelerator Measurements of both the integrated efficiency, i.e., over the entire extrac-
tion time, and the differential efficiency — over specific extraction time intervals — were
performed. Figure 2a shows the experimental data from measurements of the extraction
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efficiency for different intensities of the steered beam and the corresponding simulation
results obtained with and without the 10% halo of the real beam. The decrease in effi-
ciency for a beam with a halo is explained by the large mismatch between the orientation
angle of the crystal and the angle of incidence of the beam on the crystal in the presence
of an appreciable variation of the current in the system of local distortion of the orbit
(Fig. 10.

The maximum integrated extraction efficiency, which was recorded when the frac-
tion of the beam kicked out of the accelerator was 75%, equalled: {1#)%. The
differential efficiency varied during the extraction process as result of the drift of the
angle of incidence of the beam on the crystade Fig. 1& The results of measurements
of the differential efficiency over four time intervals are shown in Fig. 2c. The absolute
maximum of the efficiency was (23t42.5)% and was recorded in a 325 ms time interval
in the middle part of an extraction lasting1.3 s. The asymmetry of the curve is ex-
plained by the intensity distribution in the beam. The simulation results confirm this
character of the time dependence.

The maximum intensity of the beam extracted by the crystal with the full beam
circulating in the accelerator steered onto the crystal was equal t010!9 protons/
cycle, which is four orders of magnitude higher than results obtained earlighe
crystal successfully withstood the radiation and heat loads, heating up, according to
estimates, to several hundreds of degrees.

Computer modeling of the experiméhwvas conducted beforehand in order to select
the optimal crystal size, assess the influence of different parameters on the efficiency, and
check the theory. The simulation took into account the real geometry of the crystal, with
longitudinal and transverse bending as well as the construction of the holder. The crystal
lattice was assumed to be ideal, but an amorphous layer several tens of microns thick was
simulated on the surface of the crystarhe initial kick depth<1 um precluded chan-
neling during the first pass of a particle through the crystal. The simulation included
multiple passes of particles through the crystal and the multiorbital motion in the
accelerator!

As a result of the simulations, we found that the average number of passes through
the crystal for particles of the extracted beam is much greater theh)2: 12, while the
average number of passes before a nuclear interaction occu#0is The importance of
this factor in our experiment can also be characterized as follows. The beam extraction
efficiencies attained with crystals in the largest accelerators in the world are now of the
same order of magnitude: approximately 20% at CERN and IHEP and about 30% at
Fermilab. However, at CERN this efficiency was achieved with a divergence of the beam
incident on the crystal less than the Lindhard angle. Under our conditions the beam
divergence was-20 times greater than the Lindhard angte230 urad at 70 GeY, so
that only a few percent of the beam could be channeled in a single pass.

The calculations show that extraction efficiencies up to 30% can be obtained by
using a short crystal with no twigsuch a construction is under investigadioRor the
U-70 accelerator, the regime in which a crystal operates simultaneously with internal
targets is of practical interest. This is also part of the program of our further investiga-
tions. Our first experimental results are in good agreement with the theory, according to
which extraction efficiencies of 70—90% can be obtained in high-energy accelerators and
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colliders by using short crystals. Such an efficiency makes the application of short crys-
tals very promising for beam collimation and extraction problems.

In closing, we wish to express our deep appreciation to A. A. Logunov and N. E.
Tyurin for their support of this work. This work was sponsored by the Russian Fund for
Fundamental Research under Grant 98-02-16941.
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An experiment to check the standard dispersion law for ultracold neu-
trons is described. The experiment is based on searching for a shift of
the resonance line of a neutron interference filter as the neutron velocity
component parallel to the filter surface is varied. The first results attest
to a statistically significant effect. No mimicking effects were found in

a control experiment, but their possible existence cannot be completely
ruled out at present. €998 American Institute of Physics.
[S0021-364(98)00610-7

PACS numbers: 28.20.Cz, 11.55.Fv

INTRODUCTION

It is well known that the dispersion law for slow neutrons in matter can be described
to a high degree of accuracy by the relation

k?=k3—4mpb, 1)

wherek is the neutron wave number in the mediukg,is the wave number in vacuum,
p is the number of nuclei per unit volume, abds the coherent-scattering length. This
relation corresponds to an effective potential

2ah?
U:

o pb, (2

wherem is the neutron mass.

The question of the validity of relatiorf§) and(2) is of great interest, since they are
widely used both in the practice of neutron optiesd in the physics of ultracold neu-
trons(UCNs).># The “potential” dispersion law(1) is probably not entirely accurate. In
the case of thermal and cold neutrons, small corrections to this law should exist on

0021-3640/98/67(10)/7/$15.00 786 © 1998 American Institute of Physics
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account of the presence of correlations in the arrangement of the scatfeféms.accu-

racy of present-day experiments is still too low to observe such correctibhs.deri-

vation of Eq.(1) is based on the Fermi quasipotenfiathich describes well the scatter-

ing of a neutron by a single nucleus in the Born approximation. In Ref. 9 it was shown
that as the wavelength approaches infinity, the effective number of nuclei participating in
coherent scattering of waves increases to such an extent that repeated scatterings by the
same nucleus become important. This precludes the use of a point-like quasipotential at
extremely low energies and limits the range of applicability of the dispersiorilaviFor
practical applications the important question is: At what wavelengths do small deviations
from the potential dispersion law become evident? The present letter describes the pre-
liminary results of an experiment designed to answer this question.

IDEA OF THE EXPERIMENT

The idea was proposed in Ref. 10 and is based on the specific properties of the
potential dispersion law which were noted in Refs. 11 and 12. Let a neutron wave be
refracted at the boundary of a medium, and let the dispersion law include a “nonpoten-
tial” correction terme(k3):

k?=ki— x5+ e(ky), xg=4mpb. @)

If the material is uniform along its surface, then the wave-number compégepéarallel
to the plane of the interface does not change on refraction. Subtracting from both sides of
Eqg. (3) the quantityk3,=k?, we obtain

k2 =K3, — x5+ e(k3). (4)

Therefore the presence of a nonpotential te(rkﬁ) causes the normal componéat of
the wave number in the medium to depend on the magnitgde the wave number in
vacuum. The objective of the present experiment is to search for such a dependence.

The main component of the apparatus is an interferencelfifter— the neutron
analog of an optical Fabry—Perot interferometer. In the simplest case it consists of a
three-layer structure deposited on a subst(htg. 1). The scattering-amplitude density
pb and the corresponding effective potential for the outer layers are greater than for
the inner layer and the substrate. For this reason, the potential structure of the filter
consists of two barriers and a well between them. When the inner layer is sufficiently
thick, the width of the well is sufficient for quasibound states to form. Near these levels
the structure becomes penetrable by subbarrier neutrons, and the transmission function of
the filter acquires a strongly resonance character.

The width of the resonance is determined by the penetrability of the outer layers,
while the position of the resonance is determined by the result of matching the wave
functions at the boundaries of the films. Since the problem is one-dimensional, all im-
portant characteristics of the resonance are determined only by the normal components of
the real or imaginary wave vectors.

The neutron velocity relative to the filter can vary if the filter is moving in a
direction parallel to its surface. It is obvious that the normal compokgnbf the wave
number of the incident wave remains unchanged. However, for the potential dispersion
law (4), motion of the filter does result in a change in the normal compokemtf the
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FIG. 1. Potential structure of the interference filter and energy levels of a quasibound state. In the case of a
nonpotential dispersion law, setting the filter in motion gives rise to a shift of the position of the resonance. The
transmission function of one filter employed in the experiment is shown in the bottom half of the figure.

wave vector in the medium and therefore in a shift of the resonance. Such a shift can be
detected by measuring the energy= (%2/2m) kéL of the neutrons which have passed
through the filter.

EXPERIMENTAL CHECK OF THE DISPERSION LAW FOR ULTRACOLD NEU-
TRONS

The experiment was performed on the UCN source at the Institut Laue-Langevin
(Grenoble, Frange”® The experimental apparatus is displayed in Fig. 2. Ultracold neu-
trons from the feed neutron guide enter the entrance chamber, and after undergoing a
number of reflections they enter a cylindrical corridor which delivers the neutrons to the
filter — a monochromator 150 mm in diameter. The inner and outer diameters of the
corridor equal 110 and 130 mm, respectively, so that the UCNs irradiate only an annular
region of the filter. The filter can be made to rotate around the vertical axis by means of
a motor. The UCNs which have passed through the filter and have a sufficiently narrow
energy spectrum with a maximum at 107 neV and a half-width of the order of 4 neV
enter the hexahedral reflecting neutron guide with vertical glass walls 50 cm high. The
UCNSs accelerate as they move along the neutron guide in the Earth’s gravitational field.
The change in energy equals 1.026 neV/cm. The second filter — an analyzer with a
transmission maximum near 127 neV — is located approximately 20 cm below the first
one. For such a relative arrangement of the filters the neutrons with an initial energy of
107 neV are also transmitted by the second filter after they are accelerated in the gravi-
tational field. The position of the analyzer filter can be varied along the vertical direction,
making it possible to perform scanning over the energy and to measure the transmission
of the system in a quite wide range of energies. The neutrons which have passed through
the spectrometer are detected with apteportional detector.
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FIG. 2. Experimental arrangemenit:— Entrance chambel, — vacuum chambef3 — motor for rotating the
filter, 4 — reflecting neutron guidé&y — rotating filter-monochromatofs — analyzer filter,7 — detector8 —
stepping motor.

The interference filters were prepared by magnetron sputtering on silicon substrates
150 mm in diameter and 0.6 mm thick. A pair of materials was used to prepare the
structure: the paramagnetic compoundNNiwith a high scattering-amplitude density,
and the alloy Ti/Zr with a virtually zero average valuegif.

A special multilayer structurémore than 100 layeydocated below the analyzer was
used to suppress the background. This multilayer fils&perwindow transmits UCNs
but efficiently reflects neutrons with energies ranging from 200 to 700 neV.

The experimentally obtained scan curve had a half-width of the order of 6.6 neV.
The count rate at the maximum was equal to 1.4 counts/s with a 0.12 counts/s back-
ground. When the filter was rotated, the background increased by approximately 0.02
counts/s, apparently because of scattering of the neutrons by the moving interlayer ir-
regularities. Moreover, when the filter rotated, a sni2#5% decrease of the area under
the scan curve was observed.

For each position of the analyzer repeat measurements of the count rate were per-
formed for the monochromator at rest and rotating, after which the analyzer was moved
to the next point. The linear velocity of the region of the filter through which the UCNs
passed was approximately 35 m/s. After scanning was completed, the shift of the average
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position of the transmission function of the two filters with the monochromator rotating
was calculated as

E xin{ 2 Xin;
5(x)= — _ )

S o

wheren/ and n; are the count rates in the positioq for filters rotating and at rest,
respectively. The data obtained for the shift in separate measure(seatss were av-
eraged over the entire series of measurements. The direction of rotation was changed
periodically. In two series differing by the position of the superwindow, five and twelve
separate measurements, respectively, were performed.

The measured shift was equal t60.100+0.031 cm () and —0.158+0.046 cm
(=) for the first series ane-0.060+ 0.019 cm (+) and —0.084+0.025 cm () for the
second series. The symbols in parentheses denote the two rotation directions. A negative
shift corresponds to an increase in neutron energy. Averaging over the rotation direction
gives the values-0.118+0.024 cm and-0.062+0.014 cm for the two series. A suffi-
cient number of measurements performed in the second series made it possible to analyze
how well the individual data corresponded to a normal distribution, with the result
x2=1.11 for one degree of freedom.

To switch from the shift of the average experimental curve to the shift of the
spectrum itself it is necessary to take account of the background fraction under the scan
curve. The energy shifts obtained in this manner A&, = +0.150+ 0.032 andAE,
=+0.090+0.018 neV; only the statistical error was taken into account in determining
the background.

Figure 3 shows the area-normalized scan curves for the second series. The back-
ground was subtracted out beforehand.

The experimental conditions were somewhat different for the two series. In the first
series the superwindow was in a fixed position at the bottom of the neutron guide. In the
second series the superwindow was connected to the analyzer filter and moved together
with the filter during scanning. Subsequent analysis showed that a small spurious effect
due to broadening of the line accompanying rotation of the filter was possible in the first
case. This effect was taken into account as a methodological error. Ultimately it was
found that for the two series the shifts of the average neutron energy occurring when the
filter was put into rotation wereAE;=+0.150+0.032 (sta) +=0.025 (meth and
AE,=+0.090+0.018(stay neV, while the average IAE= +0.100+0.016 neV.

CONTROL EXPERIMENT AND SPURIOUS EFFECTS

A special control experiment was performed to rule out the hypothesis that the
neutron energy can change as a result of an interaction with the rotating multilayer
structure. In this experiment the monochromator was stationary and was placed directly
above a rotating filter. The filter was specially prepared for the control experiment. The
transmission line of this filter coincided with the transmission line of the monochromator
filter but it was two times wider. The experimental and analysis procedures were the
same as in the main experiment. The data from individual measurements correspond to a
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FIG. 3. Normalized scan curves for the second series. The errors are not indicated because when plotted they
are less than the size of a dot. Inset: Differential effect, the difference of the scan curves.

normal distribution §?=1.40). No changes in energy were found when the filter was put

in motion: AE= +0.009+0.024 neV . However, subsequent analysis showed that spuri-
ous effects can in principle exist, and their presence is not ruled out by the control
experiment. Only further experiments can clarify the situation.

POSSIBLE INTERPRETATION OF THE RESULTS

It is interesting to estimate the correction to the dispersion law under the assumption
that the observed effect is indeed due to a shift of the resonance. Since the potential of the
inner Ti/Zr film is close to zero, it is natural to expect that the effect is due to a change
in k, in the outer N{N) layers. It was found from the solution of the quantum problem
of the transmission of a filter that to explain the observed effect this change must con-
stitute (AK, )exy~—i-1.2<10° cm™ *(Ak, /k, ~1.5x 10" ®) when the filter is put in mo-
tion. This is close to the estimates following from Ref. 9.

CONCLUSIONS

An experiment to search for a shift in the resonance line in an interference filter as
a result of the motion of the filter parallel to its surface showed an effect that can be
interpreted as a change in the energy of the neutrons which have passed through the filter.
The statistical reliability of the result is quite high. We did not find any spurious effects
capable of explaining the result, though such a possibility cannot be completely ruled out
at the present time.
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The results of a careful investigation of the mass-energy-charge corre-
lations of the fragments produced by fission of thorium-232 by 5 MeV
neutrons are presented. The phenomenon of truly cold fragmentation of
a thorium nucleus into tellurium-134 and strontium-99 in the quantum
ground states is observed. It is shown that the reaction energy is com-
pletely exhausted by the kinetic energy of the fragments in their mutual
field. © 1998 American Institute of Physics.

[S0021-364(98)00710-3

PACS numbers: 25.85.Ec, 25.70.Mn, 27:9b.

During nuclear fission, excited deformed fragments are produced which emit a large
number of neutrons and gamma rays. The por&i@nof the reaction energy expended on
the accompanying emissions is quite high, reaching on the average 30 MeV per fission
event. The “boiling” fragments fly apart in their mutual Coulomb field with relativistic
velocities, acquiring momenta up to 3 GeV/The experimentally observed kinetic en-
ergy Ey of the fragments is determined, first and foremost, by their deformgtiahthe
moment of scission of the system. In principkg, is limited from above by the total
reaction energy). The boundary conditiok,=Q or §Q=0 is of special interest, since
the corresponding scission configuration consists of two nuclei in quantum ground states.
Fissioning withE,=Q has been termed truly cold fragmentati6RCF).! All known
attempts to observe TCF experimentally have been unsuccessful so far, primarily because
of the extremely low probability of scission in the compact configurations realized on the
initial part of the descent of the system to the scission point. For example, in the case of
the fissioning 0> or 23U by thermal neutrorfs’ the values ofE, corresponding to
free energie$Q=2-3 MeV can be attained only with relative yields of less than’10
No TCF events were detected, even at a level of®l@ver a period of one year of
continuous spectrometric investigations of fragments of spontaneous fissiGRCHf
(Ref. 4. As a result, on the one harttéchnically, it was no longer reasonable to collect
more statistical samples, since on account of target activity limitations this could be done
only by increasing the exposure time. On the other hé&uhceptually, it becomes
guestionable whether it is possible in principle to obtain sufficiently compact scission
figures in a cold nucleus.

The present experiment was based on the following basic assumptions. First, the

0021-3640/98/67(10)/3/$15.00 793 © 1998 American Institute of Physics
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FIG. 1. Distribution over the total kinetic enerd@y, of thorium fission fragment pairs with masses of 134 and
99 amu. Insets: Distribution of light fragments over the paramater— the specific ionization power of a
fragment near the Bragg peaR. is the reaction energy.

products of TCF must be sought among pairs of nuclei which possess a high stiffness
with respect to shape variations, which in turn is provided by nucleon-shell effects.
Second, after overcoming the outer saddle point the fissioning system must possess
sufficient free energy for formation of the required compact configuration. Accordingly,
the fragments produced during fissioning?®Th by 5 MeV neutrons were chosen as the
object of investigations. The fragment paifTe + 9°Sr, belonging to the first standard
Brosa channel,possesses the maximum kinetic energy. The theory of Ref. 6 predicts a
spherical shape for tellurium on account of the extremely strong spherical shells — the
neutron shelN=282 and the close-to-tellurium proton shBl=50. At the same time the

light fragment®®Sr of the pair should be quite stiff on account of the deformed shells
N=60, P=385 The predicted deformation of strontium equals O(B8units of 8). An
elementary calculation of the Coulomb interaction between the indicated spheroids shows
that in order for the conditiok, = Q to be satisfied the distance between their surfaces at
the morglent just before they start to fly apart should equal about 2 fm, which is quite
realistic!

This work was performed in the neutron beam of the KG-2.5 accelerator at the
Physics and Power Engineering Institute. Neutrons were generated in the reaction
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D(d,n)3He in a solid titanium—deuterium target. The thorium fission product spectrom-
eter was constructed on the basis of a double ionization chamber with Frisch ayitls

was equipped with a pulse-shape digitizer. The spectrometric target, consisting of tho-
rium tetrafluoride on a substrate transparent to the fragments, was secured on the chamber
cathode. The fragment masses and energies were determined by the pair energy method,
which is absolutely correct for neutron-free binary fission. The nuclear charges of the
fragments were extracted by Bragg-spectrometry metAdttse computer system for
acquisition, storage, and processing of the experimental data made it possible to analyze
the data for one event after another using a series of criteria of correctness. The irradia-
tion duration was equal to approximately five calendar months, during which approxi-
mately two million digital oscillograms of pulses from thorium fission prodatsroxi-

mately 10 GB of memorywere accumulated.

The most significant and important result of this work is presented in Fig. 1. For the
pair of fragments with mass ratio 134/99 the kinetic energy distribution cuts off at a point
corresponding exactly to the maximum admissible energy for the'pie + %Sr (E,
=Q). The distributions of the events over the so-called Bragg paramate), (which
show an unique correspondence to the nuclear charge of the heavy ion — light fragment,
are shown in the insets. Leaving aside the details of the calibrations performed, we note
that the character of the charge spectrum changes fundamentally 6—7 MeV from the limit
E=Q. Production channels not only for strontium but also rubidium and krypton with
the corresponding heavy fragment pairs, open up. Apparently, we do indeed observe at
the cutoff point of the energy spectrum the only possible pair of fragméfite+ %°Sr
with the full kinetic energy, equal to the reaction energy. Therefore it is obvious that they
are products of truly cold fragmentation of the thorium nucleus.

The observation of TCF was found to be possible only when the fissioning system
was preheated by a fast neutron.

This work was supported by the President's Fund of the Russian Federation under
Grant 96-15-96938.
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Generation of sub-Poisson light by a single-mode two-
level laser with incoherent pumping

A. V. Kozlovskil and A. N. Oraevskil
P. N. Lebedev Physics Institute, Russian Academy of Sciences, 117924 Moscow, Russia

(Submitted 11 March 1998
Pis'ma Zh. Ksp. Teor. Fiz67, No. 10, 755—-75925 May 1998

It is found that the steady-state radiation of a single-mode two-level
laser with incoherent pumping can be in a nonclassisab-Poisson

state if the spontaneous decay rate is less than the cavity loss rate and
the pumping rate. The optimal conditions of squeezing are found. Mul-
tiple squeezing of the radiation intensity is possible in a transient lasing
regime. © 1998 American Institute of Physics.

[S0021-364(©8)00810-X

PACS numbers: 42.50.Dv

Several methods have now been found for producing a state of the electromagnetic
field for which the photon number fluctuations are below the shot-noise (subl-
Poisson light In Refs. 1-3 it was proposed that a single-mode laser with regularized
pumping be used for this purpose. In Refs. 4 and 5 the atomic coherence of the active
medium is used to obtain photon-number-squeezed light. As was shown in Refs. 6—13,
multilevel schemes of a single-mode laser can also be a source of squeezed light in the
case of both coherent and incoherent pumping. In Refs. 14 and 15 it is pointed out that
sub-Poisson light can be generated with a multimode laser. In Ref. 16 the conditions for
producing a transient squeezed state of the generated radiation were found for a single-
mode two-level laser with incoherent pumping.

Squeezing of radiation under steady-state conditions is absent in the single-mode
two-level lasers studied in Refs. 12, 17, and 16.

In the present letter an analysis is made of the dynamics of the quantum-statistical
properties of laser radiation using the reduced density operator of the system dieiah
in a basis consisting of the Fock states of the field. The analysis is valid for any possible
ratios of the values of the parameters characterizing the incoherent-pumping and dissi-
pation processes.

To analyze the quantum stochastic dynamics of a two-level one-atom laser we shall
use a reduced density operator of the system atosingle-mode field in a basis con-
sisting of the Fock states

p(t):ijZTL néo Pn,i;m,j(t) ||>|n><m|<1| D

0021-3640/98/67(10)/6/$15.00 796 © 1998 American Institute of Physics
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In the interaction representation and the Born—Markov approxim&tidnhe reduced
density operatofl) of the system atom- field interacting with a reservoir satisfies the
Liouville equation

z

= —iA[?p —igl(a*o~+o"a),p]+ %(nﬁ 1)(2apa*—a‘ap—pa‘a)

r
+ %nT(2a+pa—aa+p—paa+)+ E(NT+ 1)(20 pot—oTo p—potoT)
r P
+ ENT(20+p0'_—a'_(T+p—p0'_(r+)+ E(l—p)(ZU_po'+—(r+0'_p

P
—pcr+0'_)+Ep(20'+p0'_—(r_0'+p—pa_cr+), 2
where the atomic operators and the detuning of the cavity from the atomic frequency are

o =1L et =1L == A= wa— . )

The atomic polarization operatos™ and o~ and the inversion operater” satisfy the
relations

2070 =(1% 0%, o%o?=1. 4

The average numbers of photons and phonons of the field and atomic reservoirs, respec-
tively, in thermodynamic equilibrium at temperaturethat appear in Eq2) are

nr=(exphw./kT)—1)"1, Ni=(exptw,/kT)—1) 1. (5)

The quantitiesy, I', andP are, respectively, the loss rate of the field at the mirrors, the
spontaneous emission rate, and the incoherent pumping rateg #dhe atom—field
interaction constant. The parametercharacterizes the steady-state inversierf)
=2p—1 of the atomic states that is maintained by pumping in the absence of an inter-
action with the field.

Using Eq.(1), the orthonormality of the basis of Fock states, and @ywe find
from Eq. (2) the following system of coupled differential equations for the elements of
the density matrix°

pln,m(t)E<T|pn,m|T>+<l|Pn,m|l>v p2n,m(t)E<T|pn,m|T>_<l|Pn,m|l)v

P3n,m(t)E<T |Pn,m|l>= P4n,m(t)5<l |Pn,m| T> (6)

The 4X (Npact )X (Nmaxt1) system of equations for the componef®$ was solved
numerically. In the general case, the field is initially in an arbitrary mixed state, while the
atom is in a state which is a superposition of the upper and lower states. Therefore the
density matrix of an atom and field which are noninteracting at tim@ is

3

0 s ain P i
COS§<T| sinze (1

0 e
p(0)=pa®ps, pa=|COS5[T)+sine?|])

pr=_2 CnCrln)(ml. @)
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FIG. 1. 9 Average numbe(n(t)) of photons, fluctuationévariance Var n(t) of the photon number, average
inversion(D(t)), and fluctuationgvariance Var X . (t) of the quadratures of the laser field for the initial state
consisting of the field in a coherent vacuum state and the atom in the lower levehywithdg, I'<<vy,
P=1.4g, p=1,A=0, T=0. b) Fano factorF=Var(n)/(n).

Grouping together the matrix elements of the fa) we find that the average number
of photons, the average inversion, the photon fluctuatisasiance, and the average
field are given by

0

() =Tr(p(1)a" @)= 3, Np1na(t), (D)=Tr(p(1)0)= 3, pana(t),

n=0

Var<n<t>>z<<An(t>>2>=ng0 (n=(n(t)))%p1nn(t), ®

<a+(t>>:n§o n+1pyn (D), <a<t>>=n§l Vnpinn-a(t).

The variances of the conjugate quadratunés(t)=(a*(t)+a(t))/2 and X_(t)

=(a*(t)—a(t))/2i can be expressed in terms of the matrix elements of the density
operator as
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FIG. 2. Same as Fig. 1 with=0.1g, I'<y, P=2g, p=1,A=0, T=0.

1

4{20 (2n+1)p1nn() = 2, N(N—1)p1n (1)

<(AX1)2>:

* n§=:0 \/(I‘H— l)(n+ 2)P1n,n+2(t) + ( n§=:o V n+ 1pln,n+l(t)

o 2
*2, Jﬁpm,n_l<t>> : )
As the initial state of the field &t=0 we used both a coherent vacuum state and a
chaotic thermal state with an average number of photons corresponding to the optical

radiation rangev,~ 10'* s~ at temperatur@ ~300 K. A numerical investigation of the
system(2) in the representatio(6) with different parameters of the laser showed that the
steady state of the laser possesses sub-Poisson photon-number statistics in the case when
the spontaneous emission réte g, y (see Fig. 1L The maximum degree of squeezing of

the photon number fluctuations occurs for g,y for T=0 K and equals 15%see Fig.

2). With increasingl’— vy, the degree of squeezing decreases, andl fory the radiation

passes into a super-Poisson state. The value of the pumping pargnsttengly influ-

ences the steady-state statistics of the radiation; the degree of squeezing is greatest for
p=1 and decreases fa<1. The presence of detuning ¢ 0) likewise has a negative

effect on the degree of squeezing. The optimal cavity loss yaaed the pump rat®

with respect to the coupling constagtare y=P=~1.4g for p=1 andA=0, for which

the Fano factor E=Var(n)/(n)) is F=0.85 at temperature§<100 K, w,=10"%. As
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FIG. 3. Same as Fig. 1 with=0.1g, I'<y, P=0.53, p=1, A=0, T=0, and the atom initially on the upper
level.

one can see from Fig. 2, during the process leading to the establishment of steady-state
lasing the laser radiation is in a state with nonclassical sub-Poisson photon statistics. The
Fano factor can be sharply decreased by decreasing the cavity loss rate with respect to the
pumping rate. Figure 2 shows the dynamics of the variation of the Fano factor for
v=0.1g, P=2g for the case of lasing from a state with the field in a coherent vacuum
state and the atom in the lower level. In this case the minimum val&g,js=0.54 for
(n)=1.43. Therefore, generation of intense squeezed radiation is possible in the transient
lasing regime. The degree of squeezing in the transient regime depends on the initial
state. The highest degree of squeezing and the highest radiation intensity are obtained in
the case when the atom is in the upper state while the field is in the coherent vacuum
state. In this case, for example, for=0.1g and P=0.59, five-fold squeezing Ky,

=0.19) is achieved fogt=1.8 and(n)=1.2 (Fig. 3).

The case studied above, where the coupling constant is much less than the sponta-
neous emission rate and is comparable in magnitude to the cavity loss and pump rates, is
not characteristic for most known lasers. The indicated requirements are best met by a

laser operating on transitions between highly excited states of Rydberg atoms, for which

the coupling constant can reagh-10° s 1.
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Experimental observation of optical diffraction radiation
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The optical diffraction radiation of ultrarelativistic electrons at the
boundary of a conducting medium is observed experimentally. Back-
ward diffraction radiation, which, like transition radiation, is emitted at
the angle of specular reflection from the target, is detected.1968
American Institute of Physic§S0021-364(08)00910-4

PACS numbers: 41.60.Ap, 41.75.Ht

Theoretical investigations of diffraction radiatioBR), i.e., radiation arising during
the motion of a charged particle near a conducting target, began more than 30 years
agol~* The characteristics of DR were investigated in greater detail in Refs. 5-7, but
until recently there were no experimental works on the DR of ultrarelativistic particles.
At the same time, the DR of nonrelativistic electrons is widely used in microwave
electronic

Millimeter-range DR in the forward direction for 150 MeV electrons passing
through a circular opening was apparently first investigated experimentally in Ref. 9.
However, in the experimental apparatus a mirror was present in the path of the electron
beam, resulting in interference between the DR and the transition rad{@ngener-
ated in the mirror material, which contributed an uncertainty in the interpretation of the
results. Optical-range DR has not been investigated experimentally up to now. At the
same time optical DR can be an effective method of nonperturbative diagnostics of
charged-particle beams with extremely small emittaficé.

In a series of work€13the backward transition radiatio8TR) was investigated
experimentally in the optical rangeeflection from a metal foil of the pseudophotons
describing the field of a relativistic charged partia@ad it was shown that optical TR can
be used for highly accurate diagnostics of beams with Lorentz fagter200.

By their very nature TR and DR are particular cases of a more general mechanism
— so-called polarization radiation arising as a result of the dynamic polarization of a
medium by relativistic electrons. Therefore it should be expected that by analogy to BTR
optical DR will be generated near the angle of specular reflection as a charged particle
travels near an inclined metal target. A theory of DR accompanying the passage of a
charged particle near an inclined half plane consisting of an ideally conducting material
was developed in Ref. 3. It can be shdwinat in this case the angular distribution of DR
for ultrarelativistic particles has two sharp peaks, one in the same direction as the primary
beam and the other in the direction of its specular reflection. According to the theory of

0021-3640/98/67(10)/6/$15.00 802 © 1998 American Institute of Physics
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DR TR

FIG. 1. Arrangement of the experimental apparaius:- Photomultiplier,2,11— collimators,3 — graveyard,
4 — mirror, 5 — light filter, 6 — detection systeni{ — target,8 — accelerator chambe®,— scraper10 —
scintillation counter.

Ref. 3, the maximum value of the spectral-angular distribution of the DR intensity in the
direction of specular reflection can be expressed in terms of the analogous characteristic
of the TR:

dzwaixzex _4ma d?wWR
dwdQ W\ | dwdQ

Here a is the distance between the particle trajectory and the target edge,the
wavelength of the DRJ?W, R /dwdQ = ay?/4x?, and « is the fine-structure constant.

In contrast to optical TR the spectral distribution of the DR intensity depends ex-
plicitly on A. We employed this factor to observe the optical DR of ultrarelativistic
electrons in our experiment.

The experiment was performed on the internal beam of the Tomsk synchrotron. To
decrease the contribution from the scattered synchrotron radiation the measurements were
performed with 200 MeV electrons briefly(20 ©s) dumped on the target. The dumping
was performed at a section of the accelerator where the magnetic field was increasing.
The spiral pitch of the the electron trajectories was equal ta.#0 The angular diver-
gence of the electron beam wag=2.3 mrad.

Figure 1 shows a diagram of the experimental apparatus for detecting optical-range
DR. A 1-mm-thick polished aluminum targ&twas placed on aX-Y goniometer in a

()
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rectilinear section of the accelerator. In the experiment the bremsstrahlung in the forward
direction was detected with a scintillation counted, and the optical radiation was
detected in the specular-reflection geometry with the detector systdran angle of 90°

with respect to the direction of the primary electrons. The collimatiooBimators2, 11)

of the bremsstrahlung and optical beams were 1.5 and 1.16 mrad, respectively. The inset
(a) shows schematically the electron flux distributjg(R) over the radiu® in the region

of the target. The shaded region corresponds to the electrons that contribute to the tran-
sition radiation and to the bremsstrahlung.

To a first approximation the intensityg of the backward transition radiation of the
electron beam, like the bremsstrahlung intensily is determined by the number of
electrons which have passed through the target. In this case a strict proportionality should
exist between the bremsstrahlung and the BTR:

| BTR™ const | B- (2)

A scintillation counter was chosen to detect the bremsstrahlung because the time
constant of an absolute total-absorption dete¢@auss quantometers much longer
than the dumping time of the electrons on target. The bremsstrahlung spectrum remains
virtually unchanged upon small changes in the orientation angle of the target, so that the
use of a scintillation counter for monitoring the bremsstrahlung yield does not introduce
any systematic errors. The detection systefar detecting optical radiation consists of a
photomultiplierl, an interchangeable light filt&; and a collimatod 1. An FEU-110 unit
with photocathode photosensitivity 530 °> A/lm was used as the photomultiplier. The
spectral sensitivity range of the photocathode was 300—900 nm.

To decrease the background the detection sy§teras taken out of the plane of the
electron orbit with the aid of a mirrot and arranged vertically. A thick targét— the
absorber(scraper — was placed in the preceding rectilinear section. The target could
move in the radial direction, “cutting off” a portion of the electrons that could strike the
main target. The bremsstrahlung beam from the scraper was absorbed in the gr8veyard

With the scraper removed all electrons strike the taigéthe bremsstrahlung and
transition radiation yields will then be maximum. The number of electrons passing out-
side the target near its edge, which determine the yield of the diffraction radiation, will
also be maximum. By covering a portion of the electron beam with the scraper we
decrease to a larger extent the bremsstrahlung and transition radiation yields, while the
diffraction radiation yield does not decrease as rapidly.

As we have said, the backward TR is concentrated in a narrow range of angles near
the direction of specular reflection. Figure 2 shows the orientational dependences of the
optical radiation intensity with the target rotating around a vertical axis with different
positions of the scraper. The width of the orientational dependences is determined by the
divergence of the electron beam, the angular aperture of the detector, and the intrinsic
divergence of the TR and DR. The angle=0 in Fig. 2 corresponds to the specular-
reflection geometry. Curvé was measured with the scraper removed, in which case the
TR makes the main contribution to the optical radiation. The same curve obtained with a
small scan step is shown in the inga}j. Despite the large divergence of the electron
beam, one can see in the figure the splitting of the peak of the orientational dependence
that is characteristic for TRA#~y 1=2.5 mrad. The curve2 corresponds to the
position of the scraper at 1 mffig. 3. In this position a large portion of the electron
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FIG. 2. Orientational dependences of the intensity of optical radiaficr- Scraper removed2 — scraper
position at 1 mm.

beam is “cut off” by the scraper and does not reach the target: Therefore the DR can
make a substantial contribution to the radiation investigated. According to Ref. 7, the
angular distribution of the DR is unimodal, i.e., it does not split into two peaks.

For a detailed analysis of the DR contribution, we performed measurements of the
scraper dependencébe dependence of the radiation yield on the radial position of the
scrapey for bremsstrahlung and optical radiation in the specular-reflection geometry.

Figure 3 shows the scraper dependence obtained with a SS-1 blue light filter with
transmission interval =~ 350-500 nm placed in front of the photomultiplier. The deriva-
tives of these dependences, characterizing the differential yield of the optical radiation,

05
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FIG. 3. Scraper dependences of the bremsstrahliingnd optical radiatiori2) intensities.
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FIG. 4. Derivatives of the scraper dependences of the radiation intensity. \a~350-500 nm, b —\
~600—-1000 nm1 — Bremsstrahlung2 — optical radiation.

are more informative. The derivatives of curvkand?2 (Fig. 3) were calculated by the
methods of nonparametric statistics and are presented in Fig. 4a.

According to Eq.(2), in the absence of DR the curvésand2 would be identical to
within a constant factor. Let us consider the contribution that DR should make to the ratio
of these dependences. When an electron passes near the target, the effective impact
parameten for DR generatiorithe effective distance between the electron trajectory and
the target edge determined by the characteristic transverse size of the field of virtual
photons with wavelength, can be written, according to E¢l), as

a~ yN4r, 3

The DR contribution should shift cun/2 (Fig. 49 in our reference system to a scraper
position at a smaller radius, which we in fact observe in the experiment. We note that
under the conditions of a cyclic accelerator this shift is determined by, but does not equal,

a. The displacement of the centroid of cureelative to curvel is 110+ 35 um.

At the same time, one can see from E®) that the effective impact parameter
increases with. and therefore the shift of cun&relative to curvel should also increase.

Figure 4b shows similar curves measured with an orange OS-14 light fiter (
~600—-1000 nm The shift in the centroid of the curves in this case was equal to 230
+27 um, i.e., when the average value Xfincreased by approximately a factor of 1.8
(when the spectral sensitivity range of the photomultiplier is taken into ackdhatshift
in the centroid increased by a factor of 2.0.7.

In the absence of a DR contribution there is no reason for such a wavelength-
dependent shift. It can be asserted on the basis of these experimental data that we have
detectedoptical backward diffraction radiatiorof an ultrarelativistic electron. Further
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analysis of the results obtained will make it possible to obtain quantitative estimates of
the DR yield and to compare with the characteristics of the well-studied optical TR,
which we plan to do in a separate paper.
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under Grants 98-02-17-994 and 96-02-16819a.
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It is observed that the photoexcitation efficiency of neutral long-lived
states in d@ranspolyacetylene chain increases with increasing photon
energy of the excitation. The observed effect is given an interpretation
according to which the energy of a photon above the optical absorption
edge is added to the excitation of the vibrational subsystem, increasing
sharply the probability that the chain relaxes into a long-lived deformed
neutral state. ©1998 American Institute of Physics.
[S0021-364(98)01010-X

PACS numbers: 78.40.Me, 71.20.Rv

PolyacetylendCH), is a polymer with a very simple chemical structure containing
a system of conjugate-electron bonds. It has been actively investigated since the end of
the 1970s. After a photon is absorbed, rapid nonradiative relaxation of the photoexcita-
tion occurs in a chain of thigansisomer of(CH), . In the process, one relaxation channel
corresponds to the formation of bound electronic—deformation excitations called
solitons? It is believed that soliton excitations are responsible for a number of unique
optical and electronic properties wans{CH), (Ref. 1). Such excitations are observed in
the form of photoinduced absorptiai?lA) bands below the fundamental absorption
edge, and their characteristic lifetime reaches the millisecond range. In the present letter
we report the observation of a sharp increase in the photoexcitation efficiency of long-
lived electronic—deformation states inteans{CH), chain with increasing excitation
photon energy.

The experiments were performed with a highly ordered forn{Gifl),, differing
from other known types ofCH), by high stability and low defect content. Films of
highly ordered(CH), with approximately the same concentration of ttie and trans
isomers were prepared by the method described in RefCH), particles with a char-
acteristic size of 10 nm were dispersed with a concentration %0 in a transparent
polyvinylbutyral matrix. (CH),, films with thicknessd=5 um and optical density
ad=3 (a is the absorption coefficient of the filrdeposited on a sapphire substrate were
investigated at temperatures of 85 and 300 K. The variances of the particle size and
conjugate-chain length can be neglected in the present investigation. This is indicated by,
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FIG. 1. Linear absorptiofsolid curve and PIA spectra for laser excitation with photon energy 2.81( &V
and 1.96 eV(@®), excitation intensities= 0.2 and 0.6 W/crh respectively, and modulation frequency 140 Hz.

specifically, the sharp optical absorption edB&. 1) and narrow Raman scattering lines
of highly ordered(CH), (Ref. 3, in light of the well-known dependences of the optical
absorption and Raman scattering frequencies on the length of a polymer chain.

The PIA spectra were measured by the “excitation—probe” method. Radiation from
a xenon lamp equipped with a set of interference filters was used as a wavelength-tunable
excitation source. Radiation from cw He—&33 nm and He—Cd442 nm) lasers was
also used. The excitation-induced changel/T in the transmission spectrum of the
sample were detected in the probe channel, which included an incandescent lamp, a
monochromator, and a silicon photodetector. The photodetector signal was measured
with a synchronous detector at the mechanical-modulation frequency of the exciting
radiation. The measured signal can be represented in the AGrf = No-, whereN is
the density of photoexcitations per unit area of the sample, i.e., the volume density
integrated over the sample thickness, ani the cross section for the absorption of the
probe light by photoexcitations. The density of long-lived neutral photoexcitations in-
creases linearly with the optical excitation intensity and is characterized by a linear
recombination mechanisfriThen, we have in the case of a one-dimensional geometry of
the experimerit

N=(1-R)erF(1—e %, (6h)

whereR is the reflection coefficient of the film; <10 us is the recombination time of

the photoexcitations, anl is the incident flux of excitation photons. The efficiency of
photoexcitation of long-lived states is characterizedebywhich includes all possible
processes leading to conversion of the initial photoexcitation over times much shorter
than 7. We shall assume that does not depend on the excitation photon energy; our
experiments show that this is so. Ordyand o depend on the excitation photon energy,
since for our samples with lowCH), concentrationR is determined mainly by the
matrix.

Figure 1 shows the typical PIA spectra of(@H), film measured for excitation

wavelengths of 633 and 442 nm &t=300 K. Three characteristic pe&Kselonging to
trans{CH), are observed in the PIA spectrum: a peak due to long-lived neutral excita-
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FIG. 2. Photoexcitation spectrum obtained for the 1.6 eV PIA band with a xenon lamp. The two points marked
by the asterisk correspond to the data in Fig. 1.

tions (1.6 eV) and two thermally induced peaks due to the temperature modulation of the
position of the absorption eddé.7 and 1.85 ey The wide “bleaching” band above 1.9

eV reflects the transfer of the oscillator strength from the main dipole transition to the
peak due to neutral excitations. One can see from Fig. 1 that the “blue” radigtitth

nm) gives more efficient photoexcitation of the 1.6 eV band even though it is hardly
absorbed at all in the sample and its intensity is three times weaker than the “red”
radiation(633 nm). We note that only th&ansisomer of (CH), contributes to the signal

due to the PIA absorption band at 1.6 eV, since the total isomerization of the sample into
thetrans form changes the PIA spectrum very little. Similar PIA spectra were measured
with excitation of a(CH), film at T=85 K by radiation from a xenon lamp. The photo-
excitation spectrume(w), calculated according to Eql), for neutral states per pump
photon absorbed in the sample is displayed in Fig. 2. Since we were not able to separate
correctly the contributions of theis andtransisomers to the absorption spectrum of the
film aboveEg® =2.2 eV, the photoexcitation spectrum was normalized to the absorption
spectrum of thecis—trans composition of(CH), and not to that of théransisomer. For

this reason, the rate of growth of the photoexcitation spectrum should be even higher than
follows from Fig. 2. Therefore, a change in the energy of the excitation photon strongly
influences the relaxation path of the initial photoexcitation. As the photon energy in-
creases, the probability tha{w) relaxes into a long-lived neutral state increases by at
least a factor of 30. No changes éw) with temperature were observégig. 2).

In the form of (CH), which we investigated, approximately 70 carbon atoms form
the polymer chain. For this reason, tf€H), chain can be regarded as long polyene
molecule on the one hand and a quasi-one-dimensional crystal on the other. We shall
discuss our experimental results both on the basis of the concepts of solid-state theory
and in terms of the molecular approach.

In terms of band theory, the sharply rising soliton photoexcitation spedifigm2),
as compared with the corresponding spectra of other known quasiparticles, seems very
unexpected. For example, the photoexcitation spectrum of conduction electrons has the
form of a step starting at the conduction band eﬂgé“s. Optical energy above the band
edgefiw— Egans is converted into translational kinetic energy of an electron and a hole.
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The photoexcitation spectrum of Wannier—Mott excitons is qualitatively different: It has
the form of a sequence of lines with decreasing inter(g@ggitonic seriek starting with

the exciton formation energl/.,. It is obvious that under one-photon excitation condi-
tions the excess photon enerfjy — E., cannot be transferred into the kinetic energy of
an exciton on account of the law of conservation of momentum. An electronic excitation
can be self-trapped in a number of materials. In the casean${CH), it is believed that
polaron-type states — topological solitons — are formed as a result of the nonpolar
electron—phonon interactidnThe self-trapping rate is determined by the characteristic
optical-phonon emission times. For example, experiments with a high temporal resolution
indicate that in conjugate polymers intraband states are formed no later than 0.1-0.2 ps
after photoexcitatiofi-® In the case oftrans{CH), it has been establishkdthat the
induced subband absorption peak corresponds to long-lived neutral excitations.

We shall assume that the photoexcitation is self-trapped into solitons. On account of
their topological character the solitons should be produced in pairs from the initial
photoexcitatior’° The latter should be a state of a bound electron—hole (odien
called a polaron—exciton since one free carrier can relax only into a polaron. We
assume next that the photoexcitation spectrum characterizes not the probability of forma-
tion of solitons, but rather the subsequent processes, for example, recombination of
solitons. For this it must be assumed that the excess enrefigeV of a photoexcited
electron—hole pair is converted into kinetic energy of the separating quasiparticles, which
then influences the probability of their recombination. However, the kinetic energy car-
ried off by a pair of solitons clearly does not exceddv2~0.1 eV, wheray .~ 10° cm/s
is the speed of soundyl=6m,,! andm, is the electron mass. Therefore the steeply
rising photoexcitation spectrum of neutral states reflects, first and foremost, the process of
their formation and not the subsequent relaxation.

According to existing ideas, self-trapping in one-dimensional systems is a barrier-
free process! For this reason, the observed sharp increase in the probability of photo-
excitation of neutral states with excess excitation photon enkrgy Egans (Fig. 2) is
most likely a reflection of the strong dependence of the internal conversion probability
(transition from a charged into a neutral sjate #iw— E4*"*. We note that exponential
growth of the internal conversion probability as a function of the excess excitation photon
energy has been detected in stilbEn@ee below. The absence of a pronounced tem-
perature dependence of the photoexcitation spectrum implies that the self-trapping and
internal conversion processes are determined by nonequilibrium phonons, into which
almost all the excess energly» — Ey "~ 1 eV can be converted. Therefore self-trapping
and internal conversion proceed at least more quickly than the phonon subsystem of
(CH), cools down, which is in agreement with data obtained in experiments with high
temporal resolutiofi.

Let us now examine the photoexcitation ofGH), chain in terms of the molecular
approach. In the adiabatic approximation and in accordance with the Franck—Condon
principle it must be assumed that “blue” photoexcitatidi— Ega“5~l eV) populates
the high-lying vibrational sublevels of the main dipole transition with quantum number
(ho— Ega“)/ﬁwo~ 10, wherefiw,~0.1 eV is the optical phonon energy. These vibra-
tional sublevels correspond to vibrations of the chain which are most strongly coupled
with r-electrons. The optical excitation of these vibrations is all the more efficient the
stronger the electronic—vibrational coupling. Analysis of the absorption spectrum of
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trans{CH), on the basis of the Franck—Condon formalism indeed indicates a strong
electronic—vibrational coupling, which can be characterized by a Huang—Rice factor of
the order of 1 for the lowest vibrational mode. As follows from the photoexcitation
spectrum obtainedFig. 2), the higher the energgamplitude of such optically excited
vibrations, the higher the probability of the subsequent relaxation of the chain into a
deformed neutral state.

For polyatomic molecules it is ordinarily assumed that the energy of a highly excited
vibrational mode is rapidly redistributed over a large number of other modes. In the case
of molecules prone to change geometry it must be assumed that in the case of intramo-
lecular redistribution of the vibrational energy one or several distinguigstedulating
modes responsible for the geometric relaxation of the molecule are excited. Apparently,
here there is an apt analogy with this—trans photoisomerization dynamics of stilbene
molecules, for which it has been shown experimentally that intramolecular redistribution
of vibrational energy and theis—trans conformational transition occur within a few
hundred femtosecond$!® In addition, the probability of a@rans—cis conformational
transition in stilben¥ increases rapidly with increasing excitation photon energy, just as
in our photoexcitation spectruitFig. 2). We assume that the excitation of stimulating
modes intrans{CH),, gives rise to a fast internal conversion process corresponding to a
parity-violating transition between the dipole exciteB 1state and some neutral state
with Ay symmetry. Such an intramolecular transition is forbidden in a centrosymmetric
planar(CH), chain, but it becomes possible, for example, in the case when noncoplanar
vibrations of the chain which remove the forbiddenness with respect to symmetry, spe-
cifically, torsional vibrations, are excited.

We shall now note the facts pointing toward a high probability of internal conver-
sion. Our experiment$ on electroabsorption ifiCH), and the corresponding model
indicate that a state witA; symmetry lies near theB, state within the homogeneously
broadened line. Moreover, the states corresponding to these close-lying levels of different
symmetry are coupled by a substantial dipole moment-@d D° The energy of the
excitation responsible for the conversion of a charged into a neutral excitation can be
estimated as the homogeneous linewidth of the excited electronic statds) meV’

One can see that torsional vibrational energies of the orderas€ entirely sufficient for
fast internal conversion with characteristic tirhéy=400 fs, whereh is the Planck
constant. We note that the intense Raman scattering line with frequeb®@ cm * (12
meV) has been observ&tiin our highly ordered form ofCH), .

Therefore we arrive at the following conclusion on the basis of both the concepts of
solid-state theory and the molecular approach: The photoexcitation spectrum of neutral
long-lived states inrans{CH), reflects an internal conversion process which can proceed
on a subpicosecond time scale. In addition, the probability of this process depends
strongly on the excitation level of the phonon subsystem. Paths for further relaxation of
a photoexcitation ifCH), and polyenes have been discussed in detail in the literature,
and their analysis falls outside the scope of the present letter. The final result of this
relaxation is in fact observed in the photoinduced absorption spectra in the form of
long-lived neutral states, apparently corresponding to a local deformation of the chain. It
is likely that dynamic neutral solitons or their bound pairs are responsible for one of the
stages of such relaxation.
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F. N. Chukhovskii
Institute of Crystallography, Russian Academy of Sciences, 117333 Moscow, Russia

P. Gibbon, I. Uschmann, and E. Forster

Abteilung Ratgenoptik, Institut fuOptik und Quantenelektronik, Friedrich-Schiller-
Universita Jena, D-07743 Jena, Germany

(Submitted 22 April 1998
Pis'ma Zh. Ksp. Teor. Fiz67, No. 10, 771-77625 May 1998

Amplified spontaneous inner-shell emission produced via an ultrafast
burst of high-energy electrons from a femtosecond laser-produced
plasma is proposed as a novel electron-pumped x-ray laser. In this
scheme, a population inversion of the upper laser level is created via
impact ionization of atomic inner shells by electron bombardment.
Based on the requirement of a positive gain coefficient for amplifying
spontaneouk , line emission, a simple pumping threshold is found for
the incident electron flux, and feasibility of the scheme is assessed for
a range of lowZ elements. ©1998 American Institute of Physics.
[S0021-364(98)01110-4

PACS numbers: 42.55.Vc, 42.60.By

It is well-known that bombardment of solids by energetic electrons can produce
characteristic x rays via ionization of atoms in the target matéi®s#lective ejection of
electrons from inner shells can in principle create a population inversion, providing the
conditions for lasing at x-ray wavelengths. However, owing to the high electron flux
requirements, short pumping times and superior ionizing selectivity of photons compared
to electrons, recent research has concentrated on photo-pumping by soft x-ray pulses
from femtosecond laser-produced plasniaBP9.2* The attraction of inner-shell x-ray
laser schemes is that they offer the possibility of much shorter wavelengths than either
traditional collisional and recombination schemes or techniques based on optical field
ionizatiorf using sub-100 fs lasers.

In this letter we present a simple analysis of an inner-shell ionization x-ray laser
pumped by a hot-electron flux from a laser-produced plasma and investigate its feasibility
for the K, line emission of different materials, namely: carbon, fluorine, sodium, and
titanium as gain media. We believe that no such kind of assessments for this type of
active lasing system has been earlier reported. Related experimental aspects for high-
power femtosecond laser systems are discussed.

A prerequisite to achieving lasing in an active medium is to create an inner-shell
population inversion of the upper laser level, giving a positive gain—length product.
Underneath we follow the time-integrated pumping approach first proposed in Ref. 3,
which is reasonable from the physical viewpoint and, for example, does not depend on

0021-3640/98/67(10)/6/$15.00 814 © 1998 American Institute of Physics
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any assumptions for constructing appropriate rate equations to describe the evolution of
the level populations.

Assuming that the number of vacancidé-¢hell hole per unit volumeN{® is
much smaller than the atomic denshty, of the mediumN{?<N,,, then the number-
vacancy distributiom(K"ac) pumped through a hot-electrdt+shell ionization of ground-
state atoms as a function of the deptinto the medium is given bycf. Ref. 3

nkvac)/dxz Ugon)(U)NmTS(I)(U), (1)

where 7®(U) is the time-integrated pump electron flux per ‘cbombarding a solid
sample at deptlx from a laser-plasma source,is the laser pulse duration, aiglis the
illuminated aredcn?] of the medium. We assume that the duration of the electron burst
To= 7 and further, that th&-shell lifetime 7 is typically shorter tharr. U(x,U,) is the
electron-impact energy at depti» 0, and we definé) ;=U(x=0) as the initial energy

of an impact electron at the depi+ 0. The electron-impacK-shell ionization cross
sectiona{®[U(x,Uy)] is given for a large range of elements in Ref. 6. The energy
U(x,Ug) at depthx can be found from the Bethe formula valid over the rabge=10—

100 keV! Note that Eq(1) takes into account the population inversion of tpperlaser
level in relation to the number df-shell vacanciesk only. The eventual saturation of
this value due to other processes detrimental to the lasing effect — in particllesttell
vacancy production — will be discussed in detail later. For simplicity, we neglect these
additional destructive effects in order to obtain the gain threshold.

In Eqg. (1) a monoenergetic electron beam has been assumed. In fact, electrons from
a LPP generally have an energy distributidi ). It is then necessary to modify E@L)
by substituting

o§<‘°”><U><I><u)ea&‘"”)(x)@(x)EJ (dUof(Ug) X a® (V)P (U)).

For a monodirectional Maxwellian the functiofy,(Uy) has the normalized form
fu(Ug)=U,T,%exp(—Uy/Ty), whereTy, is the characteristic hot-electron temperature.

Let us designate the average gain coefficient of amplified spontaneous emission
(ASE) as

_ Xy
Gszglfo Gr(x)dx,

where Xy is the hot-electron penetration depth, equal to the effective thickness of the
gain medium. Then

— N7 X -
Gy =M <= J "dxa@ 0D () — )
H Jo

where uk is the absorption coefficient of the, line radiation obtainedsee Ref. & Xy
can be estimated from the Bethe formula

4

4
€ me—m

Xy= [0.51-In2)+In(Ty/I)] %, (3)
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whereZ,, is the atomic number of the medium, ade13.&Z,,, eV is the average ion-

ization potential. Setting =0 in Eq.(2), we obtain an estimate for the time-integrated
pump electron flux threshold over the effective lifetime

DI 1y~ uy [N (Th)), (4)

required to produce single-pass self-terminating ASE over the length of a gain medium
equal to the lateral size of the hot-electron pump beam.

In the case under consideration here, the x#aylinewidth mainly depends on a
broadening ofrx , in which case the cross section for stimulated emiseiﬁjﬂ“) is given

by®
(Tff‘tim) =\ i TK/4TE<rad) , (5)

where 1#{?¥ is the probability of spontaneous, line emission. Note that th&,
transitions of the materials considered here have typical effective lifetirgesf the
order of few femtoseconds, which are much shorter than a laser pulse durafibiis
the effective pumping flux is reduced by a factqr/+ <1.

In order to evaluate Eq4), we need values of the electron impact ionization cross
section for the production d€-shell vacancies in a variety of candidate media for lasing.
Direct calculations taking into account corrections for weakly relativistic energies for the
K-shell cross sections(®" of carbon, fluorine, sodium, and titanium definitely show that
of the four media investigated, carbon has the largest cross sec{fh=10"1° cn? in
the electron impact-energy range, extending well above the minimum energy threshold
required for ejection of &-shell electron to the continuum. Using the numerical values
obtained forcr&"“) together with Egs(2)—(5), we find that the resulting hot-electron flux
threshold® ("), [10' cm~2?] for the K, lines of carbon, fluorine, sodium, and tita-
nium are equal to 0.163, 0.401, 1.099, and 21.035, respectively.

On the other hand, the corresponding valuesU{j?”) are at least one order of
magnitude larger than&'"”), which at first sight appears to support the original conclu-
sion made in Ref. 2 that electrons are not as well suited as photons for selectively
removing electrons from inner shells. However, it will be shown later thahell ion-
ization sets an effective upper limit on the flux which for I@nis sufficiently far above
the K-shell threshold to allow a flux window in which positive gain is possible. We
therefore initially consider the elements above as candidates for selécthell x-ray
stimulated emission.

Before we can determine the x-ray gain which can be obtained with this type of
scheme, we need to know the hot electron flux available from contemporary
femtosecond-laser-produced plasmas. Although a number of experimental studies of hot-
electron generation with short pulse lasers now exist, there are considerable variations in
the absorption levels and hot-electron temperatures fgsed Ref. 10 for a recent re-
view). To determine the hot-electron temperatiitg and number fli®[Ty], we have
performed particle-in-cel(PIC) simulations for a range of intensities relevant to the
electron-pumped x-ray laser scheme. By performing a series of these simulations for
different laser intensities, we obtain the scaling law for the hot-electron temperatyres

Th=7.511\m ">, (6)
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wherel ¢ is the intensity in 18 Wi/cn? and \,.m is the wavelength is microns. The
hot-electron energy flux can be obtained from the energy balance equation

QHZJ dUOUOfH(UO)ZnHITCOSG,

whereny is the fraction of laser energy absorbed by the hot electrongasdhe angle
of incidence to the target normal. Assuming we can approximate the energy spectrum of
hot electrons by a Maxwellian, we may wri@,=2T,® 7, so that:

(I)HT: 7]H| 7 COS 0/2TH . (7)

Both 4 and T, are to be determined by simulation. In generalf,ifUg) is highly
non-Maxwellian, therb; must also be determined numerically.

For the purposes of this study however, it suffices to use the temperature from the
simulations given by Eq(6), which on substituting into Eq(7), gives the following
expression for the time-integrated hot-electron flux:

® 710" cm2]=0.9751 56N , 27 COS 6, (8)

where ¢, is the pulse length in femtoseconds. For example, the hot-electron number flux
expected for a 10 fs Ti—Sa laser at an intensity ofM/cn? is 1.1 10'® cm™ 2 with a
temperature of 6 keV, whereas at'§8v/cn? we would haveb ;= 2.4x 10 cm™2 with

T4=30 keV. This assumes an average laser absorptiojyef0.15, which was roughly
constant (-2%) over the range of parameters considered here, and no attempt was made
to maximize it according to the plasma conditig(irs fact, one would expect 50—60%
absorption at grazing incidence angl&sNote that Eq(8) is not universal and does not

take into account differences in target material, bulk plasma temperature, or lateral
spreading of the electrons due to scattering.

For typical laser parameters considered hére 10— 10" W/cn?, r~10 fs), one
finds that the ratio of the number &f-shell vacancies per unit volume to the atomic
density has values{®9/N,,~10~3-10"2 for elements withz<10. However, for the
shell the ratio is of the order of unity, implying that theshell vacancy population
equation really should be taken into account when calculating the phenomenological
damping factor. Increasing the either flux @r will increase the ratiosN{®/Ny,,
N{2N,,, etc., reducing and eventually reversing the gain.

A quantitative assessment of the threshold beyond whielacancy generation
becomes dominant can be made within the scope of the present model by introducing a
correction factor into Eq(l). We assume that this correction has two principal contribu-
tions: on the one hand, tHe-shell vacancies ‘poison’ the ground state of neutral atoms
N, and on the other hand, they enhance the pumping hot-electron flux by adding a
slightly “colder” secondary electron flux. The pumping flux and density of neutral atoms
are therefore modified as follows:

D7 =D 7 (1+ 7 (2U/mg) Y20 N, 9)
Nﬁ?r: Nm( 1 - (TL(I)CorTK) . (10)

Combining Eq.(1) with Egs.(9) and (10) for vy=(2U/my)Y? we can write the
correction factor to th&-vacancy production rate as
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A=NLD

=[1— o D 7¢(1+ 7 (2U/me) Y20 N,,) %+ 7 (2U/me) Y20 N, ]. (11)

The second term on the right-hand side of Bd.) diminishes the population of the upper
laser level due td.-vacancy generation, so reducing the gain. In contrast, the third term
actually enhances the numberkfshell vacancies owing to the flux of secondary elec-
trons produced by the-shell ionization. This leads to an enhancement of the inversion
and gain. To give a numerical example, the correction factor for a carbon target with
Np=102% cm 3, 0, =2x10"18 cn?, 7c=10"%* s, vy;=3x10° cm/s (U~Ty=10

keV) and®=3%x10*cm 2is A=1—0.2+6=6.8, whereas for & =3x 10" cm 2, we
haveA=1-22+6=—15. In other words, for a given element there should be an oper-
ating “window” of flux in which we can expect amplification of the,, line, the upper

limit of which is determined by setting E¢10) to zero.

Combining Egs.(2) and (11), averaging over the cross-section integiak

:xglfédeUK, with ®=®d =const, we finally arrive at an expression for the gain
including the effect of secondary electrons:

EK: (T|<(Stim>NmTK5;K[1_ O'LCI) TK(1+ TK(ZU/me)llz(TLNm)z
+ 7¢(2U/mg) Y20 Njp]— k. (12)

This expression is evaluated for differentusing values forry and ux from Ref.
12.

We are now in a position to estimate the gain coefficient according tq12y by
substituting Eq.(8) for the electron flux. This is done in Fig. 1, which shows best-fit
curves for different elements and laser intensities, assuming a constant pulse length of 10
fs.

The gain—length product will of course depend on the lateral extent of the hot
electrons, or the laser focal spot size. For examalé J, 10 fs Ti—S#aser focused to a



JETP Lett., Vol. 67, No. 10, 25 May 1998 Chukhovskii et al. 819

spot size of 10Qum and intensity X 10" W/cn? would yield Gy L =130 for fluorine.

The maximum gain can be found by settidg_aK/dCDZO and is shown as the upper
dashed curve in Fig. 1.

One could argue that the-shell and secondary processes will always dominate
because the absolute value of the “correction” factor in Bd) is substantially larger
than unity. Nevertheless, we neglect all additional proce§eesluction of tertiary elec-
trons, effects of plasma radiation gtun the grounds that these will mainly occafiter
the lasing lifetimery .

The presence of satellite lines arising from transitions in multiply-ionized inner
shells on the high-energy side of the andL-shell emissiorn(see, e.g., Ref. 2Xould
also reduce the gain coefficients depicted in Fig. 1. On the other hand, by including the
fluorescence yields and impact cross sections for the production of satellites, the model
presented here could be extendedrwoltimodesoft x-ray schemes for pumping ASE by
LPP hot electrons.

In conclusion, we have developed a semi-analytical model to assess the hot-electron
pumping requirements for a transverse ASE positive gain orKtsaell transitions of
light elements. The scheme appears to be best suited to laser pulse lengths around 10 fs
and elements wittz=<15, and offers a potential means of extending the operational
regime of x-ray lasers down to subnanometer wavelengths.
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Spin waves in classical gases
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P. N. Lebedev Physical Institute, Russian Academy of Sciences, 117924 Moscow, Russia
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A criterion for the propagation of weakly-damped spin waves is ob-
tained on the basis of a detailed analysis of the quantum collision
integral for particles in a paramagnetic polarized Boltzmann gas. It is
shown that according to this criterion spin waves can propagate in
classical(nonquantum gases at temperatures close to room tempera-
ture. © 1998 American Institute of Physics.

[S0021-364(98)01210-9

PACS numbers: 51.66.a, 34.90+q

In the absence of external electric and magnetic fields, the only propagating collec-
tive mode in gases that have Boltzmann statistics is a sound wave. Silin has pointed out
the possibility of collective spin oscillations in a paramagnetic 'gaAsynov has exam-
ined spin-wave oscillations of an electron gas in semiconduétans| Bashkin has pre-
dicted the existence of weakly damped spin waves in spin-polarized Boltzmanr?gases.
Ref. 3 the criterion for the existence of a new collective mode in a spin-polarized gas is
reduced to the requirement that the gas be a “quantum” gas: The average de Broglie
wavelength must be much greater than the size of an &oattering amplitude Despite
the large number of works devoted to the dynamics and kinetics of spin-polarized gases
(see, for example, Ref. 4 and the references cited therbiis criterion has never been
questioned, even though it was based on purely qualitative considerationgposes a
quite strict constraint on the gas temperature, since most gases condense long before the
indicated criterion is first satisfied. For this reason the only appropriate objects were
considered to spin-polarized hydroger tnd 3Hel. The existence of spin waves in
these two gases has been confirmed experimeritalye underscore that in this case the
spin is nuclear spin.

In the present letter a criterion for the propagation of spin waves in a polarized
Boltzmann gas is obtained on the basis of a detailed investigation of the collision integral.
It is shown that the main quantity governing the propagation of spin waves in Boltzmann
paramagnetic gases is the real part of the zero-angle exchange-scattering amplitude. It
happens that in ordinary gases, where the scattering of atoms is of a quasiclassical
character and sharply anisotropic, the situation is more favorable than in “quantum”
gases, where scattering is essentially isotrdpiscattering.® The criterion obtained is
different from that adopted in the literatute® It greatly expands the group of paramag-
netic gases where weakly damped spin waves can propagate at temperatures close to
room temperature. An example are alkali-metal vaghicg Cs, Rb, where a high degree
of polarization of the electron spin can be obtaifed.

0021-3640/98/67(10)/6/$15.00 820 © 1998 American Institute of Physics
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Let us consider a paramagnetic gas with externally induced spin polarizatimse
vectorM is directed along the axis). In this case the Wigner matrix has the form

faa’(p):f(O)(p)[(5aa’+ Ma-aa')+ ¢aa’(p)]'

Here f(©)(p) is the equilibrium Maxwell momentum distribution functiéas is the con-
vention in the kinetic theory of gases, the function is normalized to the particle density
n=[dpf®(p)), o,,. is a vector of Pauli matrices, anl,,(p) is a small perturbation

of the Wigner function. It is convenient to decompose the functign.(p) into scalar

(¢) and vector &) components:

¢aa’(p)=(P(p)aaa'+#(p)o-aa’ . (1)

The present work is concern with the dynamics of the transv@rile respect to the
z axis) component of the magnetic polarization of a gas. It is convenient to combine the
quantitiesu, and u, as follows: u .. = u,*iu, . The kinetic equation for the space—time
Fourier components g&.. has the form

[iops(oKp)+tikouw:(w,Kp)]=d(u). (2

Here w is the frequencyk is the wave vector, and.. is the collision integral.

The explicit form of the collision integral can be obtained with the aid of Refs. 10
and 11. In view of its complexity, we present an abbreviated form and describe in detail
only the termL, that plays the main role in what follows:

J.=Qr*i[M[Q,Fi[MIL,. )

Here Qg and Q, are integral operators which are quadratic in Thenatrix (scattering
amplitudg and whose structure has the same character as in the conventional Boltzmann
equation. The eigenvalues of the operat@gsandQ, are of the same order of magnitude

as vsznv_a, where o is the gas kinetic collision cross section ands the average
thermal velocity of the atoms.

The structure of the operatdy is substantially different:

Ll(M:):leﬂTsﬁzj dp:f©(py)

XRE[TGX( P—pP1 P—P1

5 [m+(P)—p+(P)]- (4)

HereT,, is the T matrix of spin-exchange scattering |(— | 1):
TeP,P")=26(P,P")+6(-P,P")—t(=P,P"),

P andP’ are the relative momenta of the colliding particles, scaled to the reduced mass
of the atoms {n/2), whilet and 6 are related with the total scattering matigr identical
fermiong as follows:

TopuP.P)=A[t(P,P")8,,85,+ 0(P,P')0,,04,]
=t(P,P") 80,85, t(—P,P")8,,85,+ 6(P,P')0o,05,— 0
X(=P,P")a,,0p4,. 5)
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HereA denotes antisymmetrization with respect to an interchange of the pafiiotes
dent and scatter¢dThe product of Pauli matrices is a scalar prodtiq-tcrgiagl. It is
easy to show that formulés) describes collisions which conserve the total spin. This is
a good approximation not only in the case of nuclear $pin®He) but also for atoms
with electronic spin(alkali-metal vapors®

All three operatorQg, Q,, andL, are Hermitian in the spade of the functions
w(p) with the scalar product conventionally used in the kinetic theory of gdsesthat
the operators), and J_ are Hermitian conjugates of each other. The functibh
=u~=1 is an eigenfunction of the operatals with zero eigenvalue, which is a con-
sequence of the conservation of the total spin in collisi@e® Eq.5)). Moreover, the
zero eigenvalue ai.. is nondegenerate, since there are no other conservation laws in the
“ u+ subspace.” The conservation laws for momentum, energy, and particle number
refer to the diagonal elements of the Wigner matrix.

Mathematically, Eq.(2) is an eigenvalue problem for the operatdn_s—ikz} ({)
denotes multiplication by the velocity treated as an operateor smallk (|kv|<v,
wherev is the absolute magnitude of the characteristic eigenvalue of the opédrator
this problem can be solved by perturbation theory with respect to the opétatdre., in
the hydrodynamic approximatidA.The first-order perturbation theory correction equals
zero because of the isotropy of the equilibrium velocity distribution function.

In the present case the second-order correction can be writtén as
—iw.=k3(1|0d:0|1). (6)

HereJ; is the inverse of the operatdr. on the subspace (1P)L (P=|1)(1|): The
operatorJ.. is noninvertible in the initial spack, since it has a zero eigenvalue.

Let us consider first an unpolarized gad €0). In this casel, =J_=Qg. The
eigenvalues 0Qg (and Q,;l) are real, and therefore is purely imaginary. Therefore in
this case we have simply spin diffusion. As ustfah this situation it is possible only to
estimate the corresponding diffusion coefficient:

De=(1|odx0|1). 7

In order of magnitudeDs~v_2/3vS, where 114 is the characteristic eigenvalue of the
operatongl. The spin diffusion coefficierD in the general case is different from other
transport coefficients, since the corresponding effective collision frequencies are differ-
ent.

The situation is substantially different in a polarized gas. M}~ 1 (the require-
ment that the density matrix be positive-definite gives the conditisn\d|<1, and for
optical polarization of a paramagnetic gas a valug¢hdfclose to 1 can be achived in a
straightforward way. Now, the operatord.. essentially reduce to the third term on the
right-hand side of Eq(5), while the first two operators can be treated as a small correc-
tion.

To show this we shall estimate the real parf Rg(0)] of the zero-angle exchange-
scattering amplitude. It follows from the general formula for Theatrix'® that the Born
term makes the main contribution to the zero-angle scattering matrix for fast atoms, since
the oscillations of the factor exg§), which describes the incident wavk= p/# is the
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wave vector of the atojpnare completely cancelled out in it. At room temperat(aed
actually at lower temperatures alsthe relation|k|ayg>1, wherea, is the effective
interaction radius, holds by a large margin for electron spin exchange. This last inequality
means that the atoms are fast. Thus the opetatoor, more accurately, its characteristic
eigenvaluev,, is proportional to the Born amplitude for scattering by zero angle:

A(0) m fua3 m |U|a3
4mh? 4h? 0

(U is the exchange interaction potential
The ratiov,,/ v can now be easily estimated. It equals in order of magnitude
Vex |U|a0

—~|M —. 8
v IMI—= ®

We note that the right-hand side of this relation is, to within the fajdt;, the so-called
“Born parameter,”® which is usually large in classicahonquantumgases. A numerical
estimate of the Born parameter for cesium atoms will be presented below as an example.

So, to a first approximation in th@nverse Born parameter Eq.2) can be repre-
sented in the form

(kv —w) u-(p)= I16l|\/||773ﬁ2J dp:f @ (p)Re Ted O)[ s+ (P) — = (PD)]. (9

This equation can once again be studied in perturbation theory, just as we did earlier.
Here, however, a different method will be used for estimates. To simplify the problem let
Tex= CONSt, i.e.,T, is independent of energy. Then

1
(kv —w) - (p)==+ Vex{;ut(p)_ ﬁf dp:f¥(py) s (pa)

(but NoW v, =16|M| 734 2nReT ).
The following dispersion relation is obtained in the hydrodynamic approximation
(|kvlved <1, |0/ ved <1):
k%2
w==*

3vex

(10

This equation describes an undamped spin-polarization wave. The diffusion dahping
of the wave is an effect of the next order in the inverse Born parameter,,. The
quantityI" can be estimated as

k%2 Vs
—<w. (11

Vex Vex

T~

Therefore weakly damped spin waves, whose frequency and damping are estimated
by Egs.(10) and (11), can propagate in a paramagnetic polarized Boltzmann gas. We
note that the diffusion dampinig (11) of spin waves in a polarized gas i8{ ve,)? times
smaller than the corresponding quantity in an unpolarized@as
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As an example, let us consider the parameters of spin waves in vapor of polarized
cesium, for which the required experimental data are available. According to Ref. 14,
electronic spin polarization in cesium vapors is conserved to a high degree of accuracy:
The ratio of the cross sections for collisions with spin nonconservation and spin exchange
is of the order of 1%. The quantig,~10"’ cm*®We take as an estimate fifi| a
values of twice the binding energy of the Omolecule:|U|~1 eV1® Then the Born

parameter at an average thermal velocity of cesium atos®x 10* cm/s is of the order
of 10°. This large value of the Born parameter is intimately connected with the pro-
nounced anisotropy of the scattering indicatrix of fast partitige note that the tem-

perature dependence of this parameter derives mainly from the deperﬁenﬁ.
Therefore the Born parameter approaches 1 only at temperatures less thanlac K.

According to Eqs(10) and(11), the frequency-to-damping ratio of a spin wave is
w
T~ 163 M].

It follows hence that narrowing increases withl|. It should be kept in mind that,
generally speaking, this estimate may need to be refined by taking into account the actual
weak spin nonconservation.

In summary, the condition for spin-wave propagation in a polarized Boltzmann gas
is determined by two factors: spin conservation, i.e., the slowness of spin destruction in
collisions, and a sharp anisotropy of the scattering phase function for atoms at room
temperature. As is well known, in this case the scattering occurs mainly by small angles

near (k|ap) ~* (|k| =muv/#). For cesium at room temperature the corresponding range of
angles is=103.

To observe spin waves in alkali-metal vapors, besides the conventional magnetic-
resonance methad,it is of interest to employ the method of scattering of light near the
resonancd® lines of the atoms. As was shown in Ref. 18, the polarizability of an atom
near resonance lines has a large antisymmetric component, which makes it possible to
observe the kinetics of spin fluctuations. In the presence of spin waves the spectrum of
electron spin polarization fluctuations should consist of a well-resolved doublet with
narrow components.

This work was supported by the Russian Fund for Fundamental Research under
Grant 96-02-17312-a.
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Efficient photoluminescence from triangular quantum
wells at the interface of an InP/In  53Gag 47AS
heterostructure

E. L. Nolle® and A. M. Prokhorov
Institute of General Physics, Russian Academy of Sciences, 117942 Moscow, Russia

(Submitted 6 March 1998
Pis’'ma Zh. Ksp. Teor. Fiz67, No. 10, 783—78725 May 1998

Efficient photoluminescencéL) with quantum yield close to 1 from
InP/Iny 54G& 4AS heterostructuresHS9 at temperatures 77-300 K
and low excitation levels is observed and investigated. The PL is due to
a quasi-triangular quantum welfQW) located at the HS interface and
consists of two spectrally similar lines: InGaAs interband emission and
emission from the bottom level of the TQW. It is found that as the
temperature increases, the intersubband emission rises, while the TQW
radiation is quenched. @998 American Institute of Physics.
[S0021-364(©8)01310-3

PACS numbers: 78.66.Fd, 68.649, 81.15.Kk

Lightly doped semiconductors at low excitation levgls 1 W/cn? and T~300 K
have a low quantum vyield of radiatioR<<1 (ratio of the number of photons emitted
inside the semiconductor to the number of electron—hole pairs excited in the emission
region, while for high g=(10°-10%) W/cn? the nonradiative recombination processes
are suppressed, making it possible to ob@ia 1.} By exploiting quantum size effects to
restrict the spreading of nonequilibrium electrons and holes, it is now possible to obtain
radiative transitions at lower excitation levels. Even so, however, the intensity of the
photoluminescencéL) of quantum dots, for example, is approximately 20 times lower
at T=300 K than at 77 K,

This letter reports the generation of efficient PL in a lightly doped semiconductor
with quantum vyield of radiationQ=0.8 at T=295 K and a low excitation level
(g=0.05 Wi/cnf). Such intense PL is explained by the formation of a quasi-triangular
guantum well(TQW) at the interface of an InPir{Ga 4AS heterostructuréHS).

An InP/Iny s{Ga, 4/As layer with thickness,~1 um andpy~10* cm 2 and a top
InP layer witht,~1 um andpy~ 10 cm™ 2 (Fig. 1) was grown on an InP substrate with
hole densityp,~10'® cm™2 by means of chloride vapor-phase epitaxy, which yields
smooth heterojunctions with a transition region several hundred angstroms accross. An
InGaAs layer withny~10'® cm~2 was used in some HSs. The PL was investigated by
illuminating the top InP layer by a cw He—Ne laser with photon endrgy 1.97 eV,
which is absorbed over a depth 1~0.1 um (« is the absorption coefficient of such
photons in Inp, which is approximately equal to the thicknegsof the space-charge
region. For this reason, most of the excited electron—hole pairs apparently recombine at

0021-3640/98/67(10)/6/$15.00 826 © 1998 American Institute of Physics
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b >

FIG. 1. Excitation scheme of PL in the H®)InP/(p)In, sGay 4/AS: a — InP layer withEg=1.35 eV, b —
Ing 54Ga 4AS layer withE;=0.735 eV; ¢ — InGa _,P As, _, transition regiond — space-charge region at
the InP surfacel — excitation and thermalization dfn andAp in InP; 2 — diffusion of An into the InGaAs
layer; 3 — trapping of An in levels of a TQW of deptlE,,; 4 — PL from the lower leveE, in the TQW;

5 — interband PL from InGaA% — thermal ejection ofAn from the TQW;7 — trapping and annihilation of
An at the surfaceEg, Ec, andE,, — Fermi level, conduction-band bottom, and valence-band top.

the InP surface, and only relatively few electron—hole pairs reach the InGaAs and excite
PL in it. Despite this, the PL intensity in the InP was several orders of magnitude lower
than in the InGaAs. The intensity of the PL lines of the InGaAs layer depended linearly
on the excitation power, which varied from 0.05 to 5 Wfcrwhile the spectral shape

and position of the PL lines remained unchanged. The quatityas determined taking

into account the isotropic distribution of photons inside the sample and the angle of total
internal reflectiorf. On account of the strong absorption of radiation in the substrate, only
single reflection was taken into account.

In the experimental temperature range 77-295 K two InGaAs emission lines with
characteristic properties were observed in the PL spectrum of the heterostructures —
short-wavelengti.; and long-wavelength. , .

1. Thel, line lies near the edge of the main absorption band of InGaAs, and its
spectral shape and position are identical to the values computed according to the principle
of detailed balancefrom the measured absorption spectrum in the same sa(figle2,
curvesl, 4, and5). As the temperature decreases, this line shifts in the direction of high
energies in_accordance with the change in the band Bgp (0.824-2.3X 10747
—2.39x10 'T?) eV.*

2. The width at half maximum of the linke;, amounting to 1.XKT, increases with
temperature, and the short-wavelength edge of the line falls off exponentially as
| cexd (hvma— hv)/KT] (Figs. 2 and B corresponding to a Boltzmann distribution for
free nonequilibrium carriers.

The properties 1 and 2 attest to the fact thatlthdine is due to the characteristic PL
of InGaAs.

3. The lineL, is separated from thk; line by an amounA =50 meV for p-type
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FIG. 2. PL spectra of the H§)InP/p)InGaAs atT=295 K — curvel, 183 K (curve 2), 77 K (curve 3),
absorption coefficientr at T=295 K (curve4) and computed Pl(curve5).

InGaAs layers and 70 meV far-type layers(Figs. 2 and 3 These separations vary for
different samples withint 3 meV.

4. The spectral shapes of both lines are identical to within the limits of the experi-
mental accuracy£ 0.5 meV) at all temperaturdfigs. 2 and 3

5. The quantum vyield of the PL of both lines, defined in relation to the number of

I arbun.

0

10

f
075

l
080 hy, eV

FIG. 3. PL spectra af =77 K of the HSSp)InP/p)InGaAs(curve 1) and(p)InP/n)InGaAs(curve?2), and the
layers (p)InGaAs (curve 3), and (n)InGaA (curve 4), after removal of the togp)InP layer; | <exd (hvmay

—hv)/k-77 K] (curveb).
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FIG. 4. Quantum yields of the intensities of the lines of the intersubbandRL points on curvel) and from
the TQW @Q,, points on curve) versus the reciprocal of the temperature for the(plP/p)InGaAs. Curves
1 and 2 are the values ofQ; and Q, computed from expressiongl) for the parametera=80 and
A=50 meV. Ratios of the intensities of these lingdl, for (p)InP/p)InGaAs (straight line3, with slope
corresponding toA=50 meV) and for (p)InP/{n)inGaAs (straight line 4, with slope corresponding to

A=70 meV).

exciting photons absorbed in the InP, had the valgés 0.13 atT=295 K, 0.15 at 183
K, and 0.17 at 77 K.
6. The intensity ratio of the PL lings, /1 ,<exp@/kT) (Fig. 4).

7. At low temperature¥ ~77—150 K the intensity of the; line increasesgthe PL
rise9 with temperature ak, «exp(—A/kT) and saturates at room temperature. The inten-
sity of the PL of thelL, line decreases(is quenchefl with increasing T as
I ,ccexp@/KkT), while at low temperatures its intensity is independenT dfig. 4).

8. When the top InP layer is etched off, the PL intensity decreases str@pgyoxi-
mately by a factor of 400at both 77 K(Fig. 3) and 295 K, despite the fact that the
InGaAs layer is excited directly. The spectrum of the interband PL lindifie) does not
change, while the spectrum of the long-wavelength PL does chdfige3). The prop-
erties of the_, line differ sharply from the properties of the relatively weak “interfacial”
PL line observed earlier at low temperatufies 15 K in ordinary heterostructurésor-
responding to our samples with the top InP layer removed.

Since the spectral shape of the line which we observed is similar to the spectrum
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of the interband PLI(, line) of free nonequilibrium electronAn and holesAp, thel,
line is likewise due to the PL of fre&n andAp. It is not a phonon replica of the, line,
sinceA does not equal theO-phonon energy32 meV).* Thel, line is explained by the
PL from the bottom subband of the TQW, formed for minority carriers, apparently, in the
transition region at the HS interface during growffig. 1). The TQW is due to the
variable-gap 1pGa, _,P,As,_, layer with an excess of Inxt=0.8), which ordinarily
settles on the surface, at the interface and a deficit ofy20(2), which ordinarily
evaporates from the surface. This cauggdo decrease by an amount equal to the well
depth E,,~0.1 eV. (Fig. 1). For the effective masses in InGaAs,=0.14m; and
m,=0.33m, (Ref. 6, the computed depthg, of the bottom level for electrons and
holes in the TQW according to the formul = (%2/2m, ) Y4 1.57E,(i + 3/4) 1t,, 13,
i=0,1,2,...,agree with the experimental valuAs=50 meV andA,=70 meV for a
well depthE,,=80—-100 meV and width of the TQW basg=300—700 A.

The properties 6 and 7 attest to the fact that the excited minority carriers in the
conduction band with density of statBls. and in the TQW subband with densiy, are
in a quasi-equilibrium state, and the quantum yigdsandQ, of the PL of the lined.;
andL, are given by the relations

Q;=[1+a texpA/kT)]™}, Q,=[1+aexp—A/kT)] ! Q;+Q,=Q=1,
)

wherea=vy;N:/(y,N;) andy,; and y, are, respectively, the coefficients of interband
recombination and recombination from the TQW.

As one can see from Fig. 4, the experimental temperature dependenCEsand
Q,(T) are close to those calculated from expressi@ns attesting to the fact that the
quantum yield relative to the number of electron—hole pairs reaching InGaAs is close to
1. The experimental values @,(T) for T=150 K are somewhat smaller than the
computed values, and as a result one@as0.75—-0.8 all =295 K. This is explained by
the fact that at high temperatur&sthe nonequilibrium electrons thermally ejected from
the TQW spread out over a large distance, as a result of which the probability of their
nonradiative recombination at recombination centers increases. The rise of the character-
istic luminescence with increasing temperature was not observed in previous works on
recombination luminescence in crystals because of the dominance of nonradiative recom-
bination of nonequilibrium electrons and holes, which are thermally ejected from the
luminescence centers into the allowed bands.

It follows from the experiments that the TQW formed during growth of the HS
under more nearly equilibrium conditions than, for example, in the case of molecular-
beam epitaxy and therefore with a smaller number of defects makes possible intense
trapping of nonequilibrium carriers and the subsequent radiative recombination of these
carriers. It was determined from Fig. 4 and expressidnshat for electrons in the TQW
the ratioy;N¢/(y,Nz) =80, while for holesy;N, /(y,N,)=120. The feature that dis-
tinguishes the TQW from a square wWel intense luminescence occurring near the well
as a result of the gentle slope of the potential of one of its edges. The results obtained can
be used in low-brightness light sources as well as for lowering laser thresholds.

This work was supported by the Russian Fund for Fundamental Research under
Grant 96-02-18151.
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On the nature of the influence of an electric current on
the magnetically stimulated microplasticity of Al
single crystals
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A large increase in dislocation mobility in Al single crystals in a static
magnetic field in the absence of mechanical loading of the samples is
observed when a dc electric current of low density’dDF A/m?) is
additionally passed through the samples. Apparently, the role of the
current reduces to depinning of dislocations from strong pinning cen-
ters on the surface of the crystal as a result of surface electromigration
of defects. This interpretation is supported by the fact that in samples
whose surface is insulated by a layer of lacquer the passage of a current
through the volume of the crystal does not change the ordinary dislo-
cation mobility level in a magnetic field. It is hypothesized that surface
electromigration of defects, which frees dislocations and unblocks dis-
location sources, also plays a key role in the physical mechanism of the
long-ago discovered macroplastification of metals upon the passage of
an electric current through them. @998 American Institute of Phys-

ics. [S0021-364(98)01410-9

PACS numbers: 62.20.Fe, 61.72.Lk, 66.30.Qa

As is well known, in the absence of external perturbations the position of disloca-
tions in a crystal is determined by a complicated balance between the long-range internal
stresses engendered by the dislocations themselves and the short-range barriers due to the
potential relief of the latticéPeierls—Nabarro religfimpurity centers, and other defects.

One of the most widely used methods for lowering the internal stresses in crystals is
annealing — holding at a high temperature. As a result, dislocations which overcome
short-range barriers by thermal activation move so as to decrease the stored elastic energy
and hence the average level of internal stresses.

There are alternative methods of bringing about relaxation of a dislocation structure.
One such method is the relatively recently discovered magnetoplastic 6fe¢) in
nonmagnetic crystals, which consists of depinning of dislocations from paramagnetic
obstacles in a static magnetic fidldt is believed that depinning occurs as a result of
the evolution of the spin subsystem of dislocation—paramagnetic center interacting pairs,
which occurs by a spin-dependent transitidmat breaks down a local barrier. The MPE
is manifested experimentally as a relaxation of the dislocation structure in samples placed

0021-3640/98/67(10)/7/$15.00 832 © 1998 American Institute of Physics
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N

FIG. 1. Diagram of the experiment.

in a static magnetic field and as a substantial magnetosensitivity of the
magnetoplasticity;’ microhardnes§ etc.

Significantly, the MPE is also observed in nonmagnetic metals, specifically, i zinc
and aluminunt®!! single crystals. At the same time, there is also the well-known so-
called “electron—plastic” effect?~*®which consists in the plastification of nonmagnetic
metals when a pulsed electric current is passed through them. Unfortunately, the nature of
this effect has never been convincingly interpreted. We shall return to this problem below
at the level of individual dislocations within the framework of an investigation of dislo-
cation travel distances in Al single crystals in the presence of both a static magnetic field
and an electric current. As we shall see, such an unconventional approach in which two
different effects are “mixed” not only does not confuse the picture but, on the contrary,
it makes it possible to separate their contributions and to advance a substantiated hypoth-
esis about the nature of the effect of an electric current on dislocation mobility.

The experiments were performed on spectrally g882999% Al samples cut in the
form of approximately X 3X8 mm rectangular prisms from the same single crystal. The
orientation of one pair of faces was chosen parallel to the systdt006f planes; the two
other pairs of faces belonged to the sysfdmd (see Fig. 1 After the samples were cut
out, their surfaces were chemically polished. Next, leads were soldered to their end faces.
The positions of the edge dislocations, parallel to(th&#2?) direction with Burgers vector
oriented along(110), were fixed by means of selective chemical etching of {0
faces in the samples to which leads had already been soldered. After the first etching a
sample was placed in a static magnetic fiBld 0.1-0.6 T for a time ranging from 10
min to 6 h. An electric current=2-9 A was passed through the sample at the same
time. Next, the{100 working surfaces of the sample were etched once again. This made
it possible to reveal the dislocation travel distances and to determine according to their
histogram the average dislocation travel distance under given conditions. The method for
measuring dislocation travel distances is described in greater detail in Ref. 10.

The experiments showed that passing a dc current with density 100 A/m?
through the Al samples appreciably increases the dislocation mobility in a magnetic field.
Figure 2 displays two curves showing how the normalized average dislocation travel
distance depends on the magnetic inducband the holding time of the samples in
the magnetic field. The curves correspond to the case when an electric duri@ is
passed through the sample during the holding timeve 1) and to the absence of such
a current(curve 2, pointsO, A, ). Just as in previous investigations of the magneto-
plastic effect in Al single crystaf® these curves turned out to be linearft, followed
by saturation of the average travel distance at a level corresponding to the characteristic
distance between dislocations- {/\/p). One can see that even a we@kA) dc current
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FIG. 2. Normalized average dislocation travel distah¢§ (p is the dislocation densityersus the magnetic
inductionB and the holding timeé of the samples in a magnetic field with simultaneous passage of an electric
currentt=3 A (@, A, @) and 5 A (¢) and in the absence of currerid( A, OJ); the experimental pointlll,

OO0 and A, A correspond, respectively, to “floating” contacts and leads secured rigidly to the sample in a
wooden retainer; the point® refer to samples whose surface is coated with electrical insulation.

has a radical effect on the dislocation mobility. The background average travel digjance
for B=0 is due, as usual, to the relaxation of the dislocation structure as a result of the
etching away surface or subsurface obstacles to the motion of the dislocdtibhe.
relatively high level ofl, in these experiments as compared with our data in Ref. 10
could be due to the more nonequilibrium dislocation structure formed as a result of the
introduction of new dislocations into the sample in the process of soldering the leads.
Moreover, it should be noted that the Al crystals used here were not the same ones as
before, and also that a “faster” etchant was used in the present study.

Figure 3 shows the dependence of the same normalized average travel digﬁmce
of dislocations on the currert in a fixed magnetic fieldB=0.3 T and with a fixed
magnetic “treatment” time of the crystal= 10 min. A quasilinear increase of the travel

16 ———

HNp

0.8

Q ; ; ; t; 10
I @

FIG. 3. Normalized average dislocation travel distahde versus the electric currehtfor B=0.3 T (@, O,
A, [, ®) andB=0 (A) at temperatures of 293 K&, O, [J, ¢) and 77 K (A, A); the experimental points
®, A, /\, ¢ correspond to the orientatioh ||B, while the pointO corresponds td L B; the point
corresponds to application of an additional mechanical load of 26 /with 1 =0, B=0.3 T); the point4
refers to samples whose surface is coated with electrical insulation.
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FIG. 4. (1—1yp) \/E/th versus the magnetic inductid® in the presence of electric currentE A (@®) and
6 A (O) and in the absence of currer®] (the pointsO are the data of Ref. 18

distances, with a tendency toward saturation at approximately the same level as in Fig. 2,
is observed. Significantly, the measured dependence is found to be practically insensitive
to the relative orientation of the magnetic field and the electric curitentvithin the
experimental error-15%, the points® and O lie on the same curye The observed
effect is equally insensitive to a decrease of a temperature from room temperature to 77
K (the pointA in Fig. 3. We note that in the absence of a magnetic field on the crystal
the passage of the san® A electric current at the same temperature 77 K has no effect
on dislocation mobility — the average travel distance remains at the background level
(the pointA in Fig. 3.

Actually, to eliminate the current-induced growth of the dislocation mobility it is not
necessary to remove the magnetic field completely — it is sufficient to switch off the
magnetoplastic effect, i.e., to decrease the magnetic induBtlmelow a certain threshold
valueB,. According to Ref. 18, foB<<B_ the spin—lattice relaxation processes, which
randomize the spins, occur more efficiently than does the spin evolution in the magnetic
field. As a result, the spin-dependent transitions in the magnetic field in the paramagnetic
center—dislocation system are suppressed, and the magnetically stimulated depinning of
dislocations ceases. The threshold fiBldis sensitive to the state of the paramagnetic
centers. For example, x-ray irradiation decreaBes' It is of interest to determine
whether or not an electric current influences the threshold fegld Our experimental
check gives a definite “no” for the answer to this question. Figure 4 shows the step-like
dependence of the slope of the linear part of the cur(®$ét) on the magnetic fieldsee
Fig. 2 for =0 (O) andl=3 A (@®). As one can see from the figure, an electric current
only increases the step height substantially in the regiorB.., while leaving the posi-
tion of the threshold field unchanged. Apparently, an electric current does not appreciably
affect the elementary act of depinning of dislocations from paramagnetic centers in a
magnetic field.

Let us now turn to the analysis of the possible mechanisms leading to the observed
effect of an electric current on dislocation mobility. Judging from the observed tempera-
ture insensitivity of this effec{see Fig. 3, the reason cannot reduce to a direct thermal
action of the current, which under our experimental conditions results in a slight heating
of the samplegby 1-2°C at 3—4 A However, such a heating could have an indirect
effect, engendering contact stresses at the soldering location as a result of the difference
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between the thermal expansion coefficients of tin and aluminum. An estimate shows that
for a 3—4 A current the stresses are of the order of 10 ¢/nwhich according to our

data is much too low to increase dislocation mobility appreciably. The experimental point
O in Fig. 3, corresponding to an additional mechanical load of 26 ¢/mpplied to the
sample simultaneously with a magnetic fi@e- 0.3 T but no current=0, attests to this.

Another possible source of additional current-induced parasitic loading of the
sample is due to the torques arising at the soldering locations as a result of the force
exerted by the magnetic field on the current-carrying leads. Of course, we endeavored to
reduce these forces to a minimum by orienting the leads parallel to the magnetic field
(Fig. 1. However, to eliminate completely the possible influence of the factor under
study two other schemes for supplying current to the sample were also employed. In the
first scheme the leads and the sample together were rigidly secured in a wooden retainer
(see the experimental poinik and A in Fig. 2), while the second scheme employed
“floating” contacts between the leads and the sample through a conducting em(titséon
points@ and(J in Fig. 2). It is easy to see that the average dislocation travel distince
is practically independent of the method by which current is supplied to the sample.

As it turned out, the nature of the observed effect of an electric current on disloca-
tion mobility by no means reduces to instrumental effects. Our old data from a study of
the MPE in NaCl crystals during continuous etching prompted an idea for solving the
riddle? According to our observations, under conditions of continuous dissolution of the
surface the average delay time that the dislocations remain at the “start” after a magnetic
field is switched on is an order of magnitude shorter than in the ordinary experimental
method where etching is conducted before and after magnetic “treatment” of the sample.
It is natural to assume that constant etching eliminates strong pinning of dislocations by
highly mobile surface defects which quickly accumulate on the crystal surface from the
surrounding medium. On the other hand, in the standard method of visualizing disloca-
tions many dislocations are held back at the “start” by strong obstacles on the surface,
waiting until other dislocations approach and forcefully detach the first dislocations from
surface defects. This process can be of a relay-race character and can be very prolonged.

Let us assume that in our experiments the role of the electric current reduces to
depinning dislocations from surface defects as a result of, for example, electromigration
of the latter. Then, on the one hand, all the experimental data presented above appear
obvious. On the other hand, we now have a simple method for eliminating the influence
of an electric current without actually switching the current off. For this it is sufficient to
block the surface component of the current. An experiment to verify this was performed
as follows. After the first etching, which fixes the initial positions of the dislocations, the
surface of the sample was covered with a layer of lacquer. Then the sample was placed
in a magnetic field3=0.3 or 0.5 T and a curreiit=5 A was passed through the sample
for 10 min. Subsequently the lacquer was removed with a solvent and @@ surface
was etched again. The corresponding experimental pants Figs. 2 and 3, as ex-
pected, fall at the same level as the average dislocation travel distance in samples through
which no current was passed at all.

Therefore the observed effect of an electric field on dislocation mobility in a mag-
netic field apparently has no direct relation to the MPE. However, the fact that in our
experiments this effect is observed only in the existence region of the \BREB() is
very important evidence. It reflects the fact that an electric current itself does not promote
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detachment of dislocations from point defects in the bulk of the crystal, but it can
effectively influence dislocation mobility when combined with other actions, including,
for example, a mechanical load. This particular combination was used in the experiments
performed by Troitskiet al*>~*while they were observing the plasticizing effect of an
electric field in the macrostraining of metal samples. They employed current pulses with
density 16—10° A/m?, duration~10"* s, and repetition frequency 2—400 Hz, which
was chosen so as to optimize the effect without allowing appreciable electric heating of
the samples. The effect was observed in regimes of stress rela¥Xati@ep'* and active
loading®® The attempts made in Refs. 12 and 16 to explain it involve in one way or
another the concept of dislocation drag in a metal by a directed electron flux. Meanwhile,
the existing theory of such drag effett&® predicts their onset at current densities two to
three orders of magnitude higher than that in the experiments of Refs. 12—15. Moreover,
direct dislocation drag by an electric current in copper has indeed been directly observed
visually?! in an electron microscope at current densities above a threshold of the order of
10MA/m?.

In summary, the nature of the “electron—plastic” effect is unlikely to have any
relation to the electron drag of dislocations. In the light of our data it is natural to
conjecture that the effect is due to depinning of dislocations from surface defects and
unblocking of surface sources of dislocations as a result of electromigration of defects
along the surface. This hypothesis correlates well with the strong influence of surface
factors, which has been reliably established, on the macroplastic properties of hitals.
is not difficult to check this conjecture directly in exactly the same way that we did in the
present work: by electrically insulating the surface of the samples.

We are grateful to B. I. Smirnov and O. V. Klyavin for a helpful discussion of the
results and N. I. Noskova for assisting in the work. This work was supported by the
Russian Fund for Fundamental Research under Grant 97-02-16327.
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Discrete tunneling of holes in porous silicon
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It is pointed out that in the partial oxidation of porous silicdS
formed on heavily doped crystals, the topology of the pores can result
in the formation of an anisotropic material with strings of hanometer-
sized silicon granules embedded in insulating silicon dioxide, Si®

this range of granule sizes the correlation effects in the tunneling of
electrons(holeg are strong on account of their Coulomb interaction.
This should be manifested as discrete electron and hole tunneling at
temperatures comparable to room temperature. The room-temperature
current—voltage characteristicsof —-P$*—p* diode structures with

a PS interlayer op™-Si, which exhibit current steps on the forward
and reverse branches, are presented. The current steps are attributed to
discrete hole tunneling along the silicon strings in SIO© 1998
American Institute of Physic§S0021-364(©8)01510-2

PACS numbers: 72.80.Ng, 72.80.Cw, 72.20.Jv

Most of the interest in porous silicofPS centers on the possibility of obtaining
red-yellow and even blue luminescence, which is attributed to nanosize quantum con-
straints on the band states of electrdAsn the case when the PS is formed on heavily
dopedn- or p-type crystals a surprising, as yet incomprehensible, mechanism of self-
organization accompanying anodic dissolution of silicon can lead to the formation of an
ordered system of pores approximately 10 nm in diameter, whieh5@% porosity are
separated by a distance of almost the same length. This can be seen in an electron
micrograph of a cleaved surface of a PS layendnSi (KES-0.01, presented in Ref. 3.

A similar picture was later observed in our PS layers formedpdnSi (KDB-0.01,
KDB-0.005) crystals. In the present letter we call attention to the fact that because of the
topology of the pores, partial oxidation of PS can lead to the formation of an anisotropic
material with strings consisting of silicon granules with a diameter of several nanometers
embedded in insulating silicon dioxide SIOOn account of the low electrical capaci-
tance between the strings a Coulomb blockade of electron or hole tunneling should
appear along the strings at temperatures of the order of room temperature. Here we
present room-temperature current—voltage characterigitiSs) for diode structures

with a PS interlayer, which exhibit the current steps that are characteristic for discrete
tunneling. Such porous silicon could be of practical interest for single-electron electronics
with a maximum working frequency of up to foHz, as was shown by Likharév.

Let us clarify the proposed mechanism of string formation. Experiments show that a
2—3 nm thick SiQ layer forms on a silicon surface during a simple holding period of

0021-3640/98/67(10)/4/$15.00 839 © 1998 American Institute of Physics
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a b c

FIG. 1. Schematic representation of porous silic@r— top view b — side view in the case of uniform pores
(strings of identical granul@sc — side view in the case of nonuniform porgtrings consisting of granules
with different diameters Gray background — SiQ black circles — silicon granules.

several hours in air at room temperature. If the pores were uniform in cross section, then
silicon filaments approximately 5 nm in diameter would evidently form, as shown sche-
matically in Fig. 1a. But, according to the electron micrographs mentioned above, the
pores are modulated in diameter with a step length less than or of the order of this
diameter. A silicon filament is transformed into a strifeg “garland”) of silicon gran-

ules, each with a diameter of the order of the diameter of the filartsa® Fig. 1
possibly because the narrow places are oxidized completely through or because the nar-
row places are broken by mechanical stresses at the Sj-H8ithdary and the breaks are
filled in by silicon dioxide through diffusion. An estimate of the electrical capacit@hce
between 5 nm granules with a Si@hsulating barrier with dielectric constaat=4 and

the same thickness gives the valueXI'°F, which corresponds to a Coulomb barrier
€?/2C=0.5 eV. This is 20 times greater th& at T=290 K and, according to Fig. 1 in

Ref. 4, should cause an appreciable nonlinearity of the room-temperature IVC of a tun-
neling contact. Moreover, the filaments are likely to be nonuniform over long distances.
At some distance from the surface of the PS the weakest spot will contain several
granules with the smallest diameter, as shown in Fig. 1c. This can be stimulated by a
change in current during anodization of the silicon. Such a weak spot will largely deter-
mine the IVC of a string.

Figure 2 shows the IVCs of one of the"—P$"—p™ diode structures with a
transverse diameter of 0.5 mm. A 2u3n thick layer of PS was formed op™-Si
(KDB-0.01) and allowed to stand in air at room temperature for one day. Next, a8i
layer with resistivity~0.01 ) - cm was grown on it epitaxially by the technology of Ref.

5. The details of the technology will be described in greater detail elsewhere. For com-
parison, the IVC of an identical* —p* diode but without the PS interlayer is displayed

in Fig. 2. It exhibits the standard asymmetric form with high currents on the reverse
branch on account of tunneling of charge carriers throughpthejunction.

As one would expect, all the diodes with a PS interlayer had lower currents at a
given voltage than ordinary diodes in both the forward and reverse directions. They
exhibited a large variance, evidently because of the different density of the PS at different
locations on the surface of the crystal. The most pronounced current steps occurred on the
diodes with the highest resistance in the forward and reverse directions, as in Fig. 2. They
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FIG. 2. IVCs of diodes® — n*—p™* diodes,x —n"—P$ " —p™* diodes,+ — forward branch of the IVC
on a semilogarithmic scale for anf —P$*—p™ diode.

are seen more clearly on the reverse branch of the IVC of the diodes, where the processes
are not complicated by electron injection from thé layer. As one can see from Fig. 2,

this branch is on the average close to a linear dependence, as should be the case for
electron or hole tunneling through insulating barriers. Several current steps, each 150—
300 A high, are observed. The current steps are not due to irreversible changes in the
PS, since the IVCs are nonhysteretic. According to the estimates presented above, the
first current jump on the reverse branch n2d/ could signify that at a weak spot of each
string tunneling occurs through one granule with a diameter bhm or through three or

four granules with diameters of 5 nm, with a Coulomb bare®Cy and a series capaci-
tanceCs , and from behind a likely barrier of about 2 eV at the boundary between the
n*-Si layer and the PS layer. The fact that current steps start at lower voltages on the
forward branch attests to the latter possibility. The intervals between the first steps equal
about 0.5 V, which agrees with the above estimate of a Coulomb blockade for 5 nm in
diameter granules. The subsequent current steps on the forward branch of the IVC for
diodes with a PS layer occur at approximately the same voltages as on the reverse branch.
This is seen more clearly in the curve of the logarithm of the current versus the voltage
in Fig. 2.

At present it is difficult to relate position of the current steps to the characteristics of
tunneling in partially oxidized PS, which is more complicated than the systems analyzed
quantitatively thus far, with one or two metal granules between metal “plat@sriore
complicated both with respect to the number of intercoupled conducting granules and on
account of their semiconductor nature. It is natural to expect both short- and long-range
coupling between the strings on account of the laténadaker than the longitudinal
tunneling exchange of electrons between granules in neighboring strings and lateral
electric-field interaction as well as on account of the exchange of electromagnetic quanta
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with energyv=14/e, wherel is the current in a string. The role of doping with shallow
impurities is not completely understood, though the asymmetric form of the IVCs in Fig.

2 for the diodes containing PS attests to the fact that boron, a shallow acceptor impurity,
in nanosize silicon granules possesses a sufficiently low ionization energy to determine
the type of conductivity in the granules. The fact that shallow impurities remain electri-
cally active agrees with the observation made in Ref. 7 that the ESR of PS is influenced
by the type of impurity. The known acceptor levels at a Si—Siterface, which play an
increasingly larger role with decreasing granule size, and the field-induced “doping” due
to the proximity of then* region in our diodes also promote hole conduction. For this
reason, and also on account of the asymmetry of the IVC for diodes with a PS layer, we
conjecture that discrete tunneling occurs. The situation here is also more complicated
than in the metal version because of the large value of the Debye screening length.
Finally, it should be noted that although the correlation effects of the Coulomb interaction
of electrons or holes “overtake” the quantum size effects in the electron spectrum, for
granule sizes of several nanometers both are very likely to influence the IVCs of diodes
containing PS. In any case, the presence of well-expressed current steps attests not only
to the small variance in the parameters of a large number of tunneling contacts connected
in parallel but also to a kind of self-organization in a system of active oscillators, similar
to the self-organization occurring in lasers. It is likely that future investigations at differ-
ent temperatures and attempts to observe the emission spectrum of diodes containing PS
will elucidate the nature of the current steps and the possibility of microwave generation.

We are grateful to S. A. Gusev for the electron mictrographs of our samples, which
were taken at the Institute of Metal Phyiscs of the Russian Academy of Sciences.
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The magnetic structure of the surface layer of single crystals of hex-
agonal ferrites of the type SM (SrFg,0;4) in which some iron ions
are replaced by diamagnetic Al ions is investigated, in direct compari-
son with the magnetic structure in the bulk of the sample, by the
method of simultaneous gamma, x-ray, and electrors$¥auer spec-
troscopy. It is found that under conditions of diamagnetic dilution of
the magnetic lattice of hexagonal ferrites of the type I8rby Al ions,

a layer~200 nm thick in which the orientation of the magnetic mo-
ments is not collinear with the direction of the moments in the bulk of
the sample is observed on the surface of §§58 | {0, Crystals. Thus

a “transitional” surface layer has been observed on macroscopic fer-
romagnetic crystals. €1998 American Institute of Physics.
[S0021-364(98)01610-1

PACS numbers: 75.70.Ak, 75.50.Dd

Since the beginning of the 1970s, investigators have been devoting increasing atten-
tion to the study of the magnetic properties of surfaces. This is due to a need to under-
stand the influence of a “defect” such as a surface on the formation of the properties of
the surface layer and on the processes occurring in the surface layer in the presence of
fundamental phenomena in the volume of the crystal. These investigations are important
from the applied standpoint because, for example, an understanding of the mechanisms
responsible for the formation of the magnetic properties of nanosize crystallites will make
it possible to produce magnetic information storage media with ultrahigh writing density.

The existence of surface anisotropy was predicted theoretically byihé954! To
interpret the experimental results the concept of the influence of the surface was invoked
to explain the fact that the saturation magnetization of firlee,0; powder$ is less than
that of macroscopic samples. It was suggested in Ref. 2 that a nonmagmagicetically
dead surface layer- 6 A thick exists on crystallite faces, while in Ref. 3 similar data on
v-F&05; were explained by a change in the magnetic structure of crystallite surfaces. A
“shell” model®’ was proposed to describe the experimental data obtained on fine

0021-3640/98/67(10)/6/$15.00 843 © 1998 American Institute of Physics
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a-Fe,0;,% CrFe,0,,° y-Fe,0,, NiFe,0,, CrO,, Dy,BiFe;0;4, and BaFg0;4 powders
(see Refs. 6 and 7 and the references cited thergpecifically, the magnetic structure of
the interior of a crystallite is similar to that of a bulk sample, while the distribution of the
magnetic moments in a thin surface layer is noncollinear.

However, other models are also used to explain the experimental data on powders.
For example, it is supposed that angular ordering of spins with many stable configura-
tions which transforms into a spin-glass state as temperature decreases exists on the
surface of NiFgO, particles; a disordered shell is present in Cdbgeand FgO, crys-
tallites; a noncollinear arrangement of the sping/ifre,O; particles occurs not only on
the surfacgsee Ref. 8 and the references cited therein

It should noted that superparamagnetic phenomena, the strong dependence of the
properties of fine powders on the preparation technology, and so on make it much more
difficult to interpret surface phenomena for such objects. The situation simplifies substan-
tially in the case of the surface properties of macroscopic crystals.

In 1972 Krinchiket al® showed that surface anisotropy can be observed experimen-
tally in macrocrystals of antiferromagnets with weak ferromagnet&wF). In Ref. 10
it was proposed that a “transition layer” where the orientation of the magnetic moments
changes as the surface is approached exists on the surface of hematite. Later, a transition
layer ~500 nm thick was discovered in the AWFs Fepth'?ErFeQ, and TbFeQ.'®

A substantial step in investigations of the surface properties of crystals was made
with the aid of a new method of simultaneous gamma, x-ray, and electrasthaer
spectroscopySGXEMS), proposed in Ref. 14 and described in Ref. 15. The uniqueness
of the SGXEMS method lies in the fact that information about the state of the surface
layer and the volume of the crystal is extracted simultaneously.

The SGXEMS method has been used to obtain direct experimental confirmation of
the existence of a-400 nm thick “transitional” surface layer in the AWF FBOg.1
However, a “transitional” surface layer has not been observed, within the limits of the
experimental accuracy~<10 nm), in the hexagonal ferrites Babk®;9, SrFg,0,9, and
PbFg,0,4.1"

In the present work we investigated the magnetic structure of the surface layer of
macroscopic crystalgin direct comparison with the structure of the volume of the
sample of Sr-M type hexagonal ferrites in which some iron atoms are replaced by
diamagnetic Al ions. Ferrites with the chemical formula Sgk&l; 019, Which were
synthesized by spontaneous crystallization from a fluxed solution of NaR&&re cho-
sen for the investigations. The fact that the crystals are type-M ferrites with a hexagonal
structure and the chemical formula were confirmed by x-ray andsidauer investiga-
tions, chemical analysis, and the value of the Curie temperature. Wafers in the form of
disks~80 um thick and~8 mm in diameter were prepared from the single crystals. The
crystallographicC axis was directed perpendicular to the plane of wafers. The surface
properties were investigated on Syl 019 and SrF¢0;4 Single crystals with a
natural, highly reflecting face, which were boiled in nitric acid or chemically polished by
etching in orthophosphoric acid for 1 min at 90 °C.

The measurements were performed by the SGXEMS métdtased on simulta-
neous detection of the Nsbauer spectra in radiations possessing different ranges in the
material, namely, gamma ray&R9, characteristic x ray$XRs), and secondarycon-
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FIG. 1. Room-temperature \dsbauer spectra of single crystal hexaferrite gy, {O19: @ and ¢ — with
detection ofy rays carrying information about the volume of the crystal— with detection of secondary
electrons from a surface layer from 0 to 200 nm. For a and b the wave vector ¢frdngs is parallel to the

crystallineC axis, while for c the wave vector of thgrays makes an angle of 28° with the crystallograpgbic
axis.

version and Augerelectrons(SE9, which carry information about the properties of the
volume, surface layers with a thickness of several and with thickness up to 300 nm
of a bulk crystal, respectively, was used for the measurements.

Figure 1 shows the Mssbauer spectra obtained by the SGXEMS method at room
temperature with GR and SE detection in the case when the wave vector pfrthyes
was oriented parallel to the crystallographRi@axis. One can see that the spectral lines are
well resolved. This makes it possible to calculate with a high degree of accuracy the tilt
angle (@) of the magnetic moments with respect to the wave vector ojtreys from the
ratio of the intensities of the first and secotas well as fifth and sixthlines of the
Zeeman sextuplets using the formula

A; /Ay s=3(1+cos0)/(4sirtd). (1)

Analysis of the Ma@sbauer spectra obtained by detecting @Rg. 19 showed that
in the Zeeman sextuplets of each nonequivalent position of the iron ion the intensities of
the first and fifth lines, corresponding to transitions wkm=0 equal zero. Therefore
the magnetic moments of the iron ions occupying positions in the volume of the crystal
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FIG. 2. Room-temperature fdsbauer spectra obtained from a SsBg, single crystal by detecting: a —
rays carrying information about the volume of the crystad &— secondary electrons from a surface layer
from 0 to 200 nm. The wave vector of therays is parallel to the crystallograph@ axis.

are parallel to both the wave vector of therays and the crystallograph(€ axis. This
agrees well with the published data on the volume properties of these crisstalsfor
example, Ref. 18 and references cited therein

Weak lines are observed in the spectra obtained by detectindFgEslb on the
sections corresponding to velocities4 and =5 mm/s. Analysis showed that these are
the second and fifth lines of the Zeeman sextuplets. This means that the magnetic mo-
ments of the iron ions occupying sites ir-&200 nm thick surface layer are tilted away
from both the direction of the wave vector of therays and the crystallograph axis.
Calculations performed using E€L) showed that this tilt angle equats=23+2°.

To check this conclusion we performed the following experimentsahbauer spec-
tra of SrFgg Al 019 Single crystals, inclined so that the crystallograpBiaxis made
an anglea with the wave vector of they rays, were obtained. As one can see from Fig.
1c, the second and fifth lines appeared in the spectrum obtained by detgatiyg for
a=28*2°, and in addition they are observed in the same velocity intervdland+5
mm/s as in Fig. 1b. The anglé calculated from Eq(1) using the ratios of the line
intensities in the spectrum obtained with an inclined sanigig. 1b equals 29-2° and
is the same as the anglefixed by the experimental conditions.

The results obtained prove convincingly that the magnetic moments of iron atoms
located in a~200 nm thick surface layer are tilted away from the direction of both the
crystallographidC axis and the spins of the iron ions occupying positions in the volume
of the crystal.

It can be conjectured that the observed tilting of the magnetic moments is due to the
fact that during the chemical polishing of the crystals magnetic ions are “etched out” of
the surface layer and the exchange interaction energy in this layer decreases. To check
this conjecture Mesbauer spectra of SrE®,4 single crystals prepared by the same
chemical-polishing technology simultaneously with the $gk&l, 40,9 Crystals investi-
gated were obtained. One can see from Fig. 2 that the second and fifth lines of the
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Zeeman sextuplets are absent in the spectrum obtained by detecting both electrgns and
rays. Therefore our surface preparation technology cannot lead to the observed spin
noncollinearity.

The tilting of the orientation of the magnetic moments in the surface layer away
from the direction in the volume can be explained as follows. It is well kn(see Refs.
18-20 and the references cited theydirat the substitution of diamagnetic ions for iron
ions in type-M hexaferrites results ifwhen a certain density of diamagnetic ions is
reachedl the formation of a noncollinear magnetic structure in the crystal. The Al ion
content in our Srkg Al 0,9 Crystals was too low to destroy the collinearity in the
volume. However, the exchange interaction energy in the surface layer of the crystals
investigated decreases not only because magnetic bonds are broken by the diamagnetic
ions which are introduced but apparently also because of the presence of the surface.
Thus, it was shown in Ref. 21 that the replacement of only 9% of the iron ions;Bie
with diamagnetic Ga ions increases by an order of magnitude the thickness of the “tran-
sitional” surface layer. On the basis of what we have said above we assume that the
noncollinear magnetic structure in the surface layer of grffd, 0,9 Crystals arises
because of an additional decrease of the exchange interaction energy near the surface.

In summary, it was shown experimentally that-&00 nm thick surface layer in
which the direction of the magnetic moments of the iron ions is not collinear with the
crystallographicC axis, while the magnetic moments of ions located in the volume of the
crystal are oriented parallel to the axis, exists in SIM type hexagonal ferrites with
diamagnetic substitution. An anisotropic surface layer, whose existence was predicted
theoretically by L. Nel in 1954 was observed in ferrites.

This work was supported by the Russian Fund for Fundamental Research under
Grant 98-02-18279.
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Special conditions in an experiment on the loading of low-carbon steel
by converging shock waves made it possible to obtain residual micro-
structural changes of a periodic character, with a period of the order of
0.2 mm, which are associated with a phase transformation caused by
waves reflected from the center of focusing. A model explaining the
periodicity of the microstructure and making it possible to predict the
behavior of materials under similar conditions is proposed. 1998
American Institute of Physic§S0021-364(1®8)01710-]

PACS numbers: 81.40.Vw, 62.50p, 64.70.Kb

An St3 steel sphere 60 mm in diameter was subjected to the action of the explosion
of a spherical explosive charge 5 mm thick. The explosion was initiated at 12 points
uniformly distributed on the surface of the sphere. To preserve the sample, a massive
metallic case with an inner diameter of 80 mmhich slowed down the unloading
process, was used in the experiment. After loading, the sample was cut in half in order to
perform metallographic investigations.

Figure 1 displays the surface of a diametral cross section of the sample. The pres-
ence of an air gap between the explosive and the case resulted in the formation of a cavity
with an average diameter 10 mm at the center of the sphere. A cavity did not appear in
similar experiments performed without an air da@hemical etching of the surface
revealed figures of different etchabilipAl'tshuler figures, which inherited the dodeca-
hedral symmetry of the shock-wave loading. In these figures the properties of the sample
are altered by the action of a dodecahedral converging shock wave moving away from the
surface of the spher@-ig. 1). Besides the Al'tshuler figures, radially arranged stripes of
altered structuréFig. 2) with period~0.2 mm are also seen. The spherically symmetric
arrangement of the stripes attests to the fact that they were formed by the “reflected”
shock wave diverging away from the center of the sphere. The reflected compression
wave is spherically symmetric, since the initial conditions of the shock-wave motion are
“forgotten” by the time the converging shock wave is focused.

0021-3640/98/67(10)/7/$15.00 849 © 1998 American Institute of Physics
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FIG. 1. Diametral section of the sample. Cavity and Al'tshuler figured.65).

Metallographic and electron microscopic investigations of the striped structure
showed that under the action of the shock wave e— o transformation cycles occurred
in the dark-etching stripes, i.e., formation a high-pressykase accompanied by a jump
in molar volume AV=0.38 cni/mole with the density of the initialx phasep,
=7.86 g/cni occurred® There are no traces af— e— « transformations in the light-
colored stripes. The periodic character of the phase transformations under shock-wave
loading is quite unusual and merits a more detailed study.

The effect of an air gap in the experiment is that the pressure profile of the converg-
ing shock wave becomes peaked and the wave of unloading moving away from the
surface of the sphere lags behind the shock front by a distance that is much shorter than
the radius of the sample. This is why the wave reflected from the center starts to play a
more important role in the formation of the final structure of the sample and can be
studied independently of the converging wave, since it moves along the unloaded mate-
rial.

Let us consider a small volume elemé&hof the sphere bounded by radii andr ;
within a solid angle) (Fig. 3). Letr,~r,~r. Evidently,V~IS, wherel =r,—r, while
S=r2(). Since the shock wave diverging from the center is damped, white ;, for
mass velocitiesi; =u(r,) andu,=u(r,) at distances, andr,, respectively, from the
center of the sphere we haug>u,. The mass velocity decreases with time as a result
of the deceleration of the moving material of the sphere by stresses arising in the process
of isentropic deformation of the sample after the passage of the shock wave. The isen-
tropic deformation is quite slow compared with the shock-wave process, so that to a first
approximation the mass velocity can be assumed to depend only on the radius provided
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i, o AR

FIG. 2. Radial stripesa — macrostructureX 2.8); b — microstructure X 50).

that the time interval considered is short, i.éy/dt=0 anddr/dt=u(r). Under the
condition that the derivativdu/dt is small, the value ofi can be related with the radial
deformationAr asAr=ur, wherer is the duration of the flow. The deformatidr is
related with the cavity size, by the conservation of the volume of the material in the
sample: (+Ar)3—r3=r3.

Let us calculate the change in the voluewith time. Evidently, the following
relations hold:
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FIG. 3. A volume element of the sphefgee text for explanation

al_ =y,l<0 dS—Z er—Z 0>0
gr Uz u=u U ru(r) ,
ie.,
dv 2001+ 2100l 1dv 2u
a—r ul+2rudl, va—urﬁ'T,
2u
V=V0exr{ u,+T t}=vof(t,r). (1)

The termsu,t and 2ut/r appearing in the exponential are responsible for, respectively,
the radial compression of matter and the stretching of an eleBiefthe surface of the
sphere. Since the phase in iron is a high-pressure phase, compression of the valume

is a necessary condition for thephase to appear in the experiment. This condition is
equivalent to the assertiam +2u/r <0, which is valid in the present experiment. The
formation of a region with are phase as the more dense phase in the initi@hatrix

results in partial relaxation of the stresses responsible for the radial compression of the
material, and this is why the radial growth of the region is energetically favored. How-
ever, as the size of the region in its section by the surface of the sphere increases, the
stresses due to the stretching of the spherical layer of matter and retarding the growth of
the e phase both in the region under study and in the surrounding environment increase.
Therefore the formation of the observed striped structure can be explained qualitatively
by self-consistent growth of the phase under the conditions of competiipgomoting

and suppressingstimuli. The question of the continuity of the-phase stripes in the
radial direction falls outside the scope of the present work, though it is quite obvious that
the stripes should be interrupted in a manner so as to ensure the same total deformation
of the material as a result of the phase transformation along any radius of the sphere. The
characteristic length of a stripe in this case can be comparable to the dimensions of the
sample. We shall confine our analysis to a small volume of the striped structure whose
linear dimensions are comparable to the period of the stripes.

Information transfer between thephase stripes in a spherical layer at a distance
from the center of the sphere occurs by means of elastic disturbances of the matrix which
propagate with the speed of soundwWe shall label quantities corresponding to thand
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FIG. 4. Simulation resultftop face of a parallelepipgdtompared with the real striped structytateral face.
White sections —e phase. Regions of equal deformation of the matrix are marked by the same color. The
distance from the center of the sample is 15 mm.

€ phases by indicea ande. We call the surface density=pl, | being the thickness of
the spherical layer and the conventional density. We denote Bythe quantity

Pa O o,

Z ol a'_e'

Sincep=m/V=m/SI| and c=m/S~1/S, we haveB=S,/S,. Let an e-phase section
with areaS, form at the point, on the surface of the sphere. The “gain” in the area will
be AS=(1/8—1)S,. The surface density ,(t,r) at the pointr will change by a factor

of approximatelyz|r —ro|?/(7|r —ro|?+ AS) in a timeAt=|r—rg|/c. If n stripes cen-
tered atr;, i=1, 2, ...,n, arise and start to grow on the section of the spherical surface
that we are studying, then the surface density of matter at the paiiit change in time

by a factor of%:

Colrt) (1-8) lri—rlz) B
~ og(r,t) |1;[1[ ﬁ77|r—l’i|zse(t_ ¢ } ’ ?

whereo(r,t) is the surface density neglecting the effect of the stripes but taking into
account the radial stretching.

Let us examine the evolution of the striped structure in a cellular space with cell
volumeV, and an element of areg, on the surface of the sphere. Lmf, be the mass of
the matter in a celly,, andV, the volumes occupied by the and e phases, respectively,
and

mvzvspzvapa+vepev Va+ve=VS'

Sinceo,/oy=p,(r,t)/py, and taking account of Eql), we obtainp/p,=n/f. Bearing
in mind thatV, =S, |, we obtain
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FIG. 5. Computed distribution function of the area occupiedeiphase particles on the surface of the sphere
over the sizes of these particles in comparison with the experimental histogram of the striped structure. The
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The relationg(1)—(3) formed the basis of a model that makes it possible to follow
the evolution of the striped structure at an arbitrary point of the sphere. The period of the
lattice in the cellular space was set at a value that is certainly less than the distance
between the stripes. It was assumed that the section of a stripe by the surface of the
sphere is a circle. This made it possible to simplify the calculations without substantial
loss of generality of the model.

The simulation shows rapid growth of the “selected*phase regions, while the
growth of all other nuclei is suppressed. The distance between the large nuclei increases
with time. The process stops when the computed period equals the experimentally ob-
served valudFig. 4). At this moment the isentropic flow of the sphere stops, and there-
fore the flow durationr can be estimated. At a distance 15 mm from the center of the
spherer=30 us.

Figure 5 shows the computed distribution function of the area occupiedpdhase
particles over the sizes of these particles in comparison with the experimental histogram
of the striped structure. The sharp maximum in the function corresponds to the average
width of a stripe in the photograph of the microstructifey. 2).

In summary, a periodic structure was observed to arise in steel when a spherical
sample was loaded by converging shock waves. A model explaining the formation of the
periodic striped structure and making it possible to follow its evolution in an arbitrary
region of the sample as well as to estimate the isentropic flow time of the material of the
sphere was proposed. This model can be used to predict the behavior of other materials
possessing a high-pressure phase and to select shock-wave loading conditions under
which periodic structural changes will appear in such materials.
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Free-standing films of nonchiral liquid crystal compound are studied by
optical reflectivity measurements. The existence of macroscopic ferro-
electric properties and orientation of the tilt plane parallel to an electric
field in the temperature range above the smeCtismecticA bulk
transition is demonstrated. @998 American Institute of Physics.
[S0021-364(98)01801-3

PACS numbers: 77.84.Nh, 77.80.Dj

Since the discovery of ferroelectric liquid crystals by Meygrall it is usually
assumed that the phenomen@erroelectricity is possible only in the chiral smect{e?
phase[SmC*), which has the polar symmetry gro@. In this case the polarization can
be written asP=P[nX z], wheren is the directof andz is a unit vector orthogonal to
smectic layergFig. 1). Thus the necessary conditions # 0 are a finite tilt angle ¢
#0) and the presence of a molecular dipole perpendicular to the long axis of molecules.

Orientational order in tilted smectic phas&nC* and Sn€) can be characterized
by a two-component order parametgr 6 exple) or equivalently by a vectoc (the
so-calledc-directof) determining the preferre@ue to the tilj direction in a layer. In the
SmC* phase, each successive layer is rotated through a certain angle relative to the
preceding one, so that a twisted structure with a certain gdetermined by chiralityis
formed. Therefore as one goes along theoordinate, the directon (as well as the
c-directop and the polarization vector, which is directed along @eaxis (i.e., orthogo-
nal to the tilt plang rotate.

Note, however, that there is no direct correspondence between the chirality of the
molecules and the existence of macroscopic ferroelectric properties or structures formed
by them. For example, nonchiral and nonferroelectric smektitructures in chiral ma-
terials are well known. The search of for examples of the opposite situatemmely,

0021-3640/98/67(10)/7/$15.00 856 © 1998 American Institute of Physics
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X

FIG. 1. Schematic structure of the Enphasez is the unit vector of the layer normai,is the directorc is the
c-director.

nonchiral analogs of ferroelectric liquid crystais “still a challenge to researchers”
(Ref. 3.

In this paper we demonstrate the existence of a simple nonchiral sn@esticicture
possessing ferroelectric properties, e.g., having a macroscopic polariPatibich (un-
like the case of S@*) is parallel to the tilt plane. Let us imagine that due to certain
specific conditiongsee belowthe modulugc| of the c-director varies continuously from
layer to layer, while the orientation afdoes not rotatésince we have no chiralify In
such a structure a ferroelectric polarizatiBnparallel to the tilt plane should appear.
Surprisingly the structure can be realized easily in freely suspended smectic films.

Freely suspended films consist of an integer number of smectic layers. The planes of
the smectic layers are aligned parallel to the film surface. Usually due to surface tension
and specific interactions on the surface, large surface-ordering effects are observed above
the bulk SnC-SmA transition temperatur&, (Refs. 4—8. The surface tilt appears at a
temperature of about 20 °C above the bulk transition temperatutehas also been
shown that abov@&; the SnC phase occurs in the filnf€ In this temperature range the
tilt is a function of the distance from the surface.

Figure 2a illustrates the essential features of freely suspendé&dfiBns aboveT, .

7 smc s
/ Thinfim ~_y
s Pi/

S - configuration (a) C - configuration (b)
/ Ve Ve
/ /7 Ps / Ps
! TN [~
| Thick film |
l, /' l\ ~
/ PN \ Py
7 / N\

FIG. 2. Orientation of the molecules in thin and thick Srfilms above the bulk transition temperatugelike
and C-like configurations are shown for a thick filrR.is the ferroelectric polarization.
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Let us note that it is exactly the same structure as we need for our model of nonchiral
ferroelectric smectics. The symmetry of the structure allows the existence of ferroelectric
polarizationP parallel(!) to the tilt plane. For ars-like configuration the direction d®

is different at the top and at the bottom of the film. Above the bulk transition temperature
the tilt angle # decays with distance from the surface and becomes very $netly

zero for distances larger than bulk correlation lengdlhthe center of the film, if the film
thickness is larger than this correlation lengtihs a result the orientations of the
c-director in the layers of the top part of the film are not cougledare only negligibly
coupled with the orientations of the-director for the layers of the bottom part of the
film.

In the presence of an electric field, the two parts of the film can be oriented
independently. Consequently, for thick filmsGxlike configuration is favored in the
electric field above the bulk transition temperature. The tilt arrangeme@tlide con-
figuration is anticlinic(see also Ref.Qi.e., the top and the bottom of the film are tilted
in opposite directions. The net polarizatiBrs parallel to the tilt plan€éand to the vector
¢). In thin films (with thickness less than the bulk correlation lengtiere is a tilt at the
center of the film(Fig. 2), and in this cas€-like configuration can not be realized.

Our model was tested with optical reflectivity measurements. The experimental
techniques have been described elsewh&t©ptical reflection from the film was mea-
sured in the “backward” geometry. The incident light was linearly polarized. An electric
field from 3 to 20 V/cm was applied in the plane of the film. Our sample was the
compound p-decyloxybenzoic acid-p-n-hexyloxyphenyl e¢2OBHOP. In optical
measurements bulk samples exhibited the following phase transitiors: (381°C) —

SMmA (83 °C) — nematic(89 °C) — isotropic. Free-standing films were spread across a 6
mm hole in a glass holder. The bulk 3mnematic transition temperature and the step-
by-step thinning of the filrt*2 determine the stability limit of thick films. So, for thick
films (several tens of layershe maximum temperature of the measurements was re-
stricted to about 83 °C. X-ray diffraction measurements oh a bulk sample were made
using a curved linear position-sensitive multidetector and a curved quartz monochromator
(A=1.5406 A.

When the light is normally incident on the film, the reflection intensity is givelt by

_ (n*=1)%sir(2anNd/\)
 4n2+(n2—1)%sir(2mnNd/\) |

I(\) (1)

whered is the interlayer distanced&3 nm in the SmA phase, n is the index of
refraction andN is the number of layers. In the Sirfilms with an in-plane anisotropy of
the reflectivity index, two reflection spectra can be measui@dthe plane of polariza-
tion of the light oriented parallel and orthogonal to the tilt plafehe reflected intensity
and the wavelength of the reflectivity minimum for a thick film(,=2nNd/k, k
=1,2,3,..) depend on the index of refraction and should differ for the two polariza-
tions. The reflection spectra were measured in electric fields oriented pat|)eagd
perpendicular [, ) to the plane of polarization of the light. This method enabled us to
investigate the orientation of the tilt plane and the behavior of the average tilt &ngle

We found that aboveT., thick films are oriented by a weak electric field
(=3 VIcm). Figure 3 provides evidence for the fielthduced orientation. The wave-
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FIG. 3. Field induced tilt plane orientation in a &nfilm (N=60, T=81.2 °Q. The wavelengths of the
reflectivity minima y;, differ for two directions of the electric fiel&, parallel ) and perpendicularg,) to
the plane of polarization of light.

lengths of the reflectivity minima ., are different for the two polarizations of the light.
That means orientation of the tilt planes. When the direction of the electric field is
switched € —E,) the reflection spectra exchange theirs positions. Figure 4a shows the
response of the optical reflection intensity when the direction of the electric field is
switched.

Let us stress that the electrooptic response was observed above the bulk transition
temperaturel .. Near the phase transition we observed that the orientation of the film
differed from the orientation at high temperature. This behavior of DOBHOP is con-
nected with deformation of th&—configuration in an electric field. Below, at low
temperature uniformly oriented films could not be obtained in a weak electric field for the
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FIG. 4. Optical reflectivity intensities for nonchiral smectic filMOBHOP at temperatures aboy80 °C (a))
and below(77 °C (b)) the bulk SnC—SmA transition temperature\(,,— A\ =20 nm). Smectic liquid crystal
DOBHOP with chiral component abov@&8.3 °C(c)) and below(72.3 °C(d)) the bulk transition temperature
(N=60). The electric field is applied parallék() and perpendicularg, ) to the light polarization plane.
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FIG. 5. Temperature dependence of the reflectivity minimuggy, in the electric field applied paralleE| ,

upright triangley and perpendicular E, , inverted triangles to the direction of the light polarization
(N=60). The open circles show averaged data for the reflectivity minimum at the temperature below the bulk
transition. The temperature dependence dbr the film (closed circles, optical reflectivity dgtand for the

bulk sample ).

DOBHOP molecules, with a small dipole. Figure 4b shows typical restlitee rung at

low temperatures. The time dependence of the reflected intensity is related to a change
with time of the tilt plane direction. The orientation in a weak field was not observed for
thin films (N<<20) both below and abovE;. This kind of behavior correlates with our
model.

Let us now consider the results for thick films above the bulk transition temperature
(Fig. 3. The wavelength\ ,;, of the reflectivity minimum for the field, is larger than
Amin for E, . The refraction index for the polarization of the light along the tilt plane is
larger than the ordinary refraction index (i.e., perpendicular to the tilt planeFrom
this fact it follows (see Eq.(1), A ,in=2nNd) that the orientation of the tilt plane and
c-director are parallel to the electric field.

Figure 5 shows the temperature dependence,gf. Below T, the average data for
the two light polarizations are shown. To find the tilt angle from the optical spectra one
should calculate from the positions of the reflectivity minime,,, using Eq.(1) and the
known relatiod® between the reflectivity indices and the tilt angtetails are described
in Ref. 10. Figure 5 shows also the temperature dependendetaen from our x-ray
measurements on a bulk sample. Beldwthe magnitude ofd in the bulk sample is
slightly smaller, it is indicated also the additional surface ordering in the film.

For thick films, nonzero tilt first appears at the surface for temperatures about 20 °C
above the bulk transition temperatdr@When the temperature is only few degrees above
T. the surface layers already exhibit a tilt angle of the order of 20(B@fs. 4 and &

In the temperature rang&@9-83 °Q the average tilt angle is about 4—&ee Fig. 5.
Since it is clear that the tilt angle has to be very snatactically zerg at the center of
the film, theC-like configuration takes place in the electric field.

Let us estimate now the magnitude of the ferroelectric polarization. Note that the
change of the tilt angle in our model implies bending of the direntdt is well known
(see, e.g., Refs. 2 and Jithat in nematics splay and bending deformations of the director
field induce a polarization by the saalled flexoelectric effect. In ideal bulk smectics,
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deformations leading to the flexoelectric polarizations are strongly suppressed by the
layer structures. However, that is not the case in our model, where the tilt angle is not a
constant. The dependencebn the distance from surface even in the framework of the
Landau theory may be quite sophisticated® Moreover the spatial variation @ and of

the polarization may result in a space charge and polarization contribution to the elastic
constants:'” However in any case the relevant space scale is the bulk correlation length,
and the integrated polarization density of the film depends only on the difference between
the surface tilt angl®s and the tilt angle at the center of the filly. Using the natural
estimate for the flexoelectric coefficiergs=10 ' C/cm (Ref. 2, ,=20°, andf,=0,

we get, using the standard expression for the flexoelectric polariZatfoR~0.4

X 10~ * C/n? for N=60. So this polarizatios® found for nonchiral free-standing Stn

films is fairly large(of the order of spontaneous polarization for chiral smegtics

Thus in our model the ferroelectric polarization is parallel to the tilt plane, whereas
for chiral smectics it is perpendicular to this plane. To study the competition of both
mechanisms, we investigated the mixture of DOBHOP with chiral compdheonth 15,
NIOPIC, 10%. Below T, in contrast to pure DOBHOP, free-standing films of the
mixture are oriented by a weak field electric fidldig. 4d and, as in the case of a
classical chiral ferroelectric, the tilt plane is oriented perpendicular to the electric field.
However abovd . the tilt plane is oriented parallel 1 (Fig. 4¢0. That confirms that for
small tilt (recall thatT>T_) our mechanism of nonchiral polarization dominates.

The main conclusion we draw is that under appropriate conditions a nonchifal Sm
structure displaying ferroelectric properties may exist in free-standing films. The most
distinctive feature of this structure is that the polarization is parallel to the tilt plane. The
physical mechanism responsible for ferroelectricity of nonchiral smectics is the surface
ordering and phase transition leading to spatial variation of the tilt angle.
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98-02-16639, the Russian State Program “Statistical PhydigsGrant 94-4078 from
INTAS and from French National Education Ministry. E. K. thanks Prof. M. Vallade
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ratory and Prof. J. Lajzerowicz for fruitful discussions. The Laboratoire de Dynamique et
Structure des Materiaux Moleculaires is Unite de Recherche Associee au CNRS No. 801.

de-mail: dolganov@issp.ac.ru

1R. B. Meyer, L. Liebert, L. Strzelecki, and P. Keller, J. Phys. L28&.L69 (1975.
2P. G. de Genneghe Physics of Liquid Crystgl€larendon Press, Oxford, 1974.
3L. M. Blinov, Lig. Cryst. 24, 143(1998.

4S. Henekamp, R. A. Pelcovits, E. Fonesal, Phys. Rev. Lett52, 1017 (1984.

5S. M. Amador and P. S. Pershan, Phys. Rev1A4326(1990.

5Ch. Bahr and D. Fleigner, Phys. Rev.48, 7663(1992.

’T. Stoebe and C. C. Huang, Int. J. Mod. Phys9,2285(1995.

8D. Schlauf, Ch. Bahr, and C. C. Huang, Phys. Re\65ER4885(1997).

9P. 0. Andreeva, V. K. Dolganov, and K. P. Meletov, JETP L&, 442 (1997.

0p. 0. Andreeva, V. K. Dolganov, R. Fouret, and C. Gors, Phys. Reto Be publishef
11T, Stoebe, P. Mach, and C. C. Huang, Phys. Rev. [7&t1384(1994.

12 |. Demikhov, V. V. Dolganov, and K. P. Meletov, Phys. RevSE R1285(1995.
13M. Born and E. Wolf,Principles of Optics Pergamon Press, New York, 1964.
1R. B. Mayer, Phys. Rev. Let22, 918(1969.



862 JETP Lett., Vol. 67, No. 10, 25 May 1998 Andreeva et al.

15M. E. Fisher and P. G. de Gennes, C. R. Acad. Sci. S&8B 207 (1978.

18K, Binder, in Phase Transitions and Critical Phenomenéol. 8, edited by. C. Domb and J. L. Leibowitz,
Academic Press, London, 1986.

17C. Y. Young, R. Pindak, N. A. Clark, and R. B. Meyer, Phys. Rev. L4.773(1969.

Published in English in the original Russian journal. Edited by Steve Torstveit.



JETP LETTERS VOLUME 67, NUMBER 10 25 MAY 1998

Tunneling resonances in structures with a two-step
barrier

Yu. N. Khanin, E. E. Vdovin, Yu. V. Dubrovskii, and K. S. Novoselov

Institute of Microelectronics and Ultrapure Materials Technology, Russian Academy of
Sciences, 142432 Chernogolovka, Moscow Region, Russia

T. G. Andersson

Department of Physics, Chalmers University of Technology antelaog University,
S-412 96 Gteborg, Sweden

(Submitted 5 February 1998; resubmitted 20 April 1998
Pis'ma Zh. Ksp. Teor. Fiz67, No. 10, 814-81925 May 1998

Electron transport through an asymmetric heterostructure with a two-
step barrier NGaAs/N GaAs/Al Ga, As/Aly Gay o AS/N” GaAs/
N*GaAs was investigated. Features due to resonance tunneling both
through a size-quantization level in a triangular quantum well, induced
by an external electric field in the region of the bottom step of the
barrier (Al o4Ga, 9/AS laye, and through virtual levels in two quan-
tum pseudowells of different width are observed in the tunneling cur-
rent. The virtual levels form above the bottom step or above one of the
spacers (NGaAs layey as a result of interference of electrons, in the
first case on account of reflection from they4Ga, As barrier and a
potential jump at the AlydGa oAS/N™ GaAs interface and in the sec-
ond case — from the /l,Ga, As barrier and the potential gradient at
the N GaAs/N"GaAs junction, reflection from which is likewise co-
herent. ©1998 American Institute of Physics.
[S0021-364(98)01910-7

PACS numbers: 73.40.Kp, 73.20.Dx

Resonance tunneling in systems based on semiconductor heterostructures is of in-
terest because there is a possibility that this physical phenomenon can be used as a tool
for investigating a wide spectrum of quantum-mechanical processes and objects. Specifi-
cally, resonance tunneling in heterosystems makes it possible to study the energy spectra
and nature of the states in quantum objects of different configuration and dimension
(from quantum wells to quantum dotsAmong works on resonance-tunneling spectros-
copy, we call attention to experiments in which so-called virtual states, formed as a result
of the interference of electron waves reflecting from a real potential wall on one side and
from a potential gradient, having a nonzero reflection coefficient for an electron propa-
gating above it, on the other, were detected. Systems with such a configuration are called
quantum pseudowefisand, besides the case mentioned, they have been realized in ex-
periments on the observation of above-barrier resonances in wide quanturh avells
resonances accompanying tunneling in the Fowler—Nordheim regimthe latter case

0021-3640/98/67(10)/6/$15.00 863 © 1998 American Institute of Physics
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FIG. 1. Schematic band diagram of a heterostructure with a step barneittea negative bias, )bwith a
positive bias;er — Fermi energy in the 3D edges, — size-quantization level in the electric-field-induced
triangular well,e;, and ;5 — size-quantization levels in the pseudowells. The numbers 1-6 denote different
layers of the structure, as described in the text.

an asymmetric triangular pseudowell is formed above a tunneling barrier when an exter-
nal electric field is applied to the barrier. The possibility of the formation of a real
triangular quantum well in the region of the lower-energy step of a biased two-step
potential barrier has been studied theoretichflyCalculations of the current-voltage
characteristics, taking account of resonance tunneling through size-quantization levels in
an electric-field-induced quantum well, have been performed for such barriers. As far as
we know, electron tunneling through heterostructures with a two-step barrier has thus far
not been investigated experimentally. Moreover, it should be noted that biasing a two-
step barrier in a direction opposite to that required for the formation of a triangular
quantum well should lead to the formation of a trapezoidal quantum pseudowell near the
bottom step(see region 4 in Fig. Dbthis was neglected in Refs. 4 and 5. Therefore a
system with a two-step potential barrier makes it possible to investigate both states in an
induced triangular quantum well and virtual levels in a quantum pseudowell.

In the present work electron tunneling in the asymmetric
GaAs/Al Ga, AS/Aly o Ga) g AS/GaAs heterostructure with a two-step barrier produced
by two Al,Ga _,As layers with different Al content and spacdis., lightly doped
N~ GaAs layers (Fig. 1) was investigated experimentally. Features were detected in the
tunneling current which are due to resonance tunneling through a size-quantization level
in an induced triangular quantum wel{in Fig. 18 and through virtual levelse; and
€ir in Figs. 1la and 1b, respectivelin two quantum pseudowells of different width, one
of which is formed near the bottom step of the barrier, as described above, and the other
in the region of the “long” spacer on account of reflection from the GaA$GlaAs N*
interface!

The samples were grown by molecular-beam epitaxy on a highly dope@ahs
substrate and possessed the following sequence of layers: buffer layér —QdAs
2% 10' cm™2 — thickness 500 Aregion 1 in Fig. 1, spacer — X10'® cm 3 N"-GaAs
— 500 A and undoped GaAs — 100(fegion 2 in Fig. 1, barrier — undoped Al,Ga, 6As
— 50 A (region 3 in Fig. 2 and undoped AlyGa o/As — 300 A (region 4 in Fig. },
spacer — X10*cm 3 N -GaAs — 300 A(region 5 in Fig. 1, contact layer —
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FIG. 2. Differential resistance of the structure versus the bias voNagea magnetic field oriented perpen-
dicular to the currentBLJ. The parameter is the magnitude of the magnetic field. The curveB>*dr are
shifted arbitrarily downwards in the vertical direction. The arrow marks the position of the resonance.

3x10% cm 3 N*-GaAs — 250 A(region 6 in Fig. 1. Silicon was used as the dopant.
Ohmic contacts were prepared by deposition followed by thermal annealing of the system
Ni—-Ge—Au. The standard chemical etching technology was used to produce a mesa
structure 10Qum in diameter.

The measurements of the curves of the differential resistdi¢dl and the second
derivative of the curred?V/d|? versus the bias voltage were performed at a temperature
of 4.2 K by a modulation method.

Figure 2 shows the experimental dependence of the differential resistance on the
bias voltage and its evolution in a magnetic field oriented perpendicular to the current.
The region near zero bias voltage, where a zero anomaly is observed, is not discussed in
the present work. In the absence of a magnetic field, a fe@mi@mum of the resis-
tance, corresponding to resonance tunneling through a size-quantization level in the
triangular quantum well formed near the bottom step of the barrier when a negative
voltage is applied to it, is observed on this dependence at the voltgge-260 mV.

The position of this feature is the same as the computed value of the bias voltage for
which the energy, of the size-quantization level in the induced triangular well equals
the Fermi energyeg at the right-hand contadisee Fig. 1a The distribution of the
potential along the heterostructure was taken into account in the calculation, the only
stipulation being that the electric field in the barrier was assumed to be constant. As one
can see in Fig. 2, the application of a magnetic field perpendicular to the current sup-
presses the minimum of the resistance and shifts it in the direction of high voltages,
which should be observed under the conditions of tunneling through a two-dimensional
state in a quantum well as a result of a change in the transverse moment traresBdr of

on tunneling on account of the Lorentz fofteyherel is the effective distance over
which the vector potential of the magnetic field acts during tunneling. As was shown in
Ref. 7,
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FIG. 3. (AVp)l’2 versus the magnetic field perpendicular to the current, whéfgis the displacement of the
position of the minimum of the differential resistan@ércles and minimum of the second voltage derivative of
the currents?l/9V? (triangles relative to their positions in the absence of a magnetic field.

aAV,=m* wgl /e,

whereAV, is the displacement of the position of the resonance in a magnetic rfigld,
is the effective massw.=eB/m* is the cyclotron frequency, and the coefficient
a=0.31 takes account of the distribution of the voltage drop across the structure.

From the slope of the straight line in Fig. 3 we obt&in27.7 nm, which corre-
sponds to the computed distance from the two-dimensional gas in the accumulation layer
near the GaAs/Al,dGa oAS heterointerface to the centroid of the wave function in a
triangular well in resonance f@=0. Thus the behavior of the resonance in a magnetic
field oriented perpendicular to the current confirms that we are observing resonance
tunneling through a level in a triangular well formed above the bottom step of the barrier.

Figure 4 shows the experimental curve of the oscillating component of the second
current derivative of the voltag&(d?V/d1?) versus the bias voltage in the absence of a
magnetic field aff=4.2 K. The “frequency” (or average period in the range of bias
voltages studiedof these aperiodic oscillations differs significantly in the region of
positive and negative bias voltages. We believe that these oscillations are caused by
resonance tunneling of electrons through virtual states in quantum pseudowells, formed
with a negative voltage of the wall of the top step of the bariferAl, ,Ga ¢As) and a
gradient of the potential of the conduction-band bottom in theSHAs/N' GaAs region
(region 2 in Fig. 1 while with a positive voltage they are formed by the wall of the top
step(Aly Gay gAs/Alg oGay g7AS) and a jump of the potential at the AGa, g AS/GaAs
heterointerfacéregion 4 in Fig. 1b. The threshold for tunneling through the lewglin
the quantum well is determined by the equakp/~ €; and corresponds to the minimum
of the experimental curva?V/dI2.8 Just as in Ref. 9, we calculated the voltages corre-
sponding to the tunneling threshold for quantum wells with infinite walls 300 A and 600
A wide assuming the distribution factor of the voltage on the strudiuee the ratio of
the voltage drop across the entire structure to the voltage drop across the width of the
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FIG. 4. Second voltage derivative of the curreé’t/gV2 minus the monotonic component versus the bias
voltageV. The triangles show the computational results for the positions of the tunneling threg&esdext
Inset: resonances with a negative bias.

guantum well to be constant, and the results are displayed in Fig. 4. The small discrep-
ancy between the computed and experimentally measured positions of the resonances is
explained, first and foremost, by the fact that the distribution factor in the real structure is

a function of the bias voltage.

It should be noted that in the analysis of tunneling through a level in a triangular
quantum well we compared the computed threshold voltage of tunneling both with the
minimum differential resistance and with the minimumav/dI? (see Fig. 3. How-
ever, for greater clarity, here we present only the experimental bias voltage dependence
of the differential resistance and its evolution in a magnetic field perpendicular to the
current.

The contribution of a resonance component to the total current in the case of tun-
neling through electron states in both quantum pseudowells was equ&).&%. The
closeness of the amplitudes of the oscillations associated with the reflection from the
smooth potential gradient across thé GaAs/N"GaAs interface and from the jump of
the potential at the Al,Ga, o AS/GaAs interface can be explained by the nonuniformity
of the bottom step of the barrier and the natural, on account of this, broadening of the
corresponding resonances. The magnitude of this effect equals that observed earlier in the
study and analysis of tunneling through virtual states in a similar heterostructure with the
conventional singlgnonstep barrier! The behavior of the aperiodic oscillations in a
magnetic field corresponds to the behavior observed ekftl@nd confirms the two-
dimensional nature of the states through which tunneling occurs.

It should be noted that in the region of negative bias voltages there are no reso-
nances corresponding to interference states because of reflection from the
N~ GaAs/N" GaAs junction. This can be explained by a natural decrease in the probabil-
ity of structural interference on the length of the quantum well in the case when its
bottom is strongly nonmonotoniump of the potential Estimates showed that the
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magnitude of the effect corresponding to these states falls below the limit of sensitivity of
our apparatus.

In conclusion, we underscore that the correspondence obtained between the posi-
tions of the oscillations of the tunneling current and the computed values of the tunneling
thresholds for quantum wells of different width, the magnitude of the effect, and the
behavior of the experimental features in a magnetic field enable us to assert that these
oscillations are caused by resonance tunneling through virtual states in quantum
pseudowells, formed on account of reflection of electrons not only from a sharp potential
gradient but also from the smooth isaAs/N"GaAs junction.

In summary, in the present work we observed a feature corresponding to resonance
tunneling through a size-quantization level in a triangular well, formed when a bias
voltage is applied above the bottom step of the barrier, /&, g/AS), and current
oscillations as a function of the applied voltage, which are associated with tunneling
through virtual levels in pseudowells located to the right and left of the top step of the
barrier (Al /Ga& ¢AS).
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The variation of the spectral shape of the four-wave mixing signal in
GaAs/AlGaAs superlattices was studied experimentally and theoreti-
cally. It was shown that in an external electric field, leading to anti-
crossing of the levels of heavy and light excitons, sawtooth oscillations
of the energy position of the levels are observed. These oscillations are
due to the inhomogeneous broadening of the states participating in the
Bloch oscillations. ©1998 American Institute of Physics.
[S0021-364(98)02010-9

PACS numbers: 71.35.Cc, 78.66.Fd, 42.65.Hw

More than a half century ago Blotland Zener showed theoretically that an elec-
tron in a medium with a spatially periodic potential in a constant electric fresdhould
not be uniformly accelerated but rather it should undergo spatial oscillations near an
average position. This occurs because the direction of the quasimomentum of the electron
reverses at the edges of the Brillouin zone. The period of such harmonic oscillations, later
called Bloch oscillations, equals

rg=h/eFd, @

whereh is Planck’s constang is the electron charge, antlis the period of the potential

in the medium where the electron propagates. Bloch oscillations of electrons can be
observed only if the phase interruption time of the electrons is much greaterghaim

bulk semiconductors the lattice constahts too small for this condition to be satisfied.
However, it has turned out that Bloch oscillations can be observed experimentally in
artificial periodic structures — multilayer quantum wells and superlatiiés), whose
periodd equals not several but rather tens or even hundreds of angstroms,7ghdle
much shorter than the phase interruption time. For this, diverse experimental methods
have been usetil° The most informative one is the method of spectrally resolved four-

0021-3640/98/67(10)/6/$15.00 869 © 1998 American Institute of Physics
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wave mixing(FWM). In Ref. 11 it was shown that for certain directions of bias applied
to a SL not only the intensity but also the spectral positions of certain lines oscillate in the
FWM spectra because of weak periodic local oscillations of the electric field which are
caused by Bloch oscillations of the macroscopic dipole moment. This made it possible
not only to determine the periotk of Bloch oscillations but also to estimate the ampli-
tude of the spatial oscillations of the electronic wave packet. In strong fields
(>20 keV/cm) dampedharmonic oscillations of the spectral position of the excitonic
lines are observett. However, in a small interval of intermediate and weak electric fields
(0.5-2 keV/cm reproducible sawtooth oscillations with unexpectedly large amplitude at
double or triple the frequency are observed.

The anharmonicity of Bloch oscillations in 1ll-V semiconductor SLs is due mainly
to the existence aofbesides transitions between electronic states and heavy) halesi-
tions involving the participation of light holes, whose oscillator strength is comparable to
that of the heavy excitons. When such SLs are excited by wide-band femtosecond laser
radiation, transitions with the participation of both heavy and light excitons can be ex-
cited simultaneously. For certain electric fielHsthe energies of transitions with the
participation of heavy and light excitons are equédr example,EBh— EBheX: E{)h
—eFd- E',h‘fx), while their wave functions mix. The oscillator strengths and the differ-
ential shiftdE/dF of the excitonic lines vary: The intensities of the weak absorption lines
(for example,lh_; or Ih_,) increase, while the shift of the strong absorption lifer
example hhg) increases substantially as the electric field varies and moreover the char-
acter of the functiordE/dF becomes strongly nonlinear, which is what leads to the
anharmonicity of the experimentally observed variations in the spectral position of exci-
tonic resonances in FWM signals. The effect due to mixing of the wave functions, called
anticrossing of the states of heavy and light excitons, and its influence on the FWM
spectra are analyzed in detail in Ref. 12.

To investigate the Bloch oscillations Hgonlinearly optical methods and to inter-
pret the experimental results, it is important that the quantum-mechanical equivalent of
the quasiclassical Bloch representation is a Wannier—Siai® ladder. If a constant
electric fieldF is applied to a semiconductor SL, then the energy states of each electron
and hole miniband transform into a “WS laddet*'*which is described by the follow-
ing function:

E=E,+leFd; 1=0+1+2,..., )

where E, is the electron or hole energy in the absence of a field. Optical transitions
between a hole localized in one of the quantum wells of the SL and electrons with
energies satisfying the relatidf) likewise should be described by the relati@, where

now E, is the energy of a transition between an electron and a hole in the same quantum
well. In this case a “fan” of equidistant levels satisfying Eg) should be observed in

the optical spectra. In real semiconductor structures the energy spectrum of the excited
states is different from Ed2) for many reasons. First and foremost, the Coulomb inter-
action between photoexcited electrons and holes leads to the formation of bound exci-
tonic states?® In the general case the exciton binding eneljy should depend on the
parametell, decreasing ak increases, as a result of which optical transitions become
nonequidistant and should be described by a somewhat more complicated relation

E/=Ep+leFd+E*, 1=0,£1,+2,..., 3
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and instead of one main frequeneyd the Bloch oscillations should be observed at
different frequencies of the fornm{—n)eFd+E*—E:*, i.e., the sum oscillation of the
electronic wave packet becomasharmonic

Inhomogeneous broadening of the excitonic lines likewise leads to the existence of
a set of slightly different Bloch frequencies, which leads to the appearance of a sum
anharmonicoscillation of the electronic wave packet. In contrast to homogeneous broad-
ening, which is a consequence of different scattering processes, inhomogeneous broad-
ening is a fluctuation-induced change in the resonance position of an excitonic state. In
other words, in the case of inhomogeneous broadening the observed excitonic line con-
sists of a superposition of a set of independent, homogeneously broadened, excitonic
lines, whose intensity is determined by the deviation of their resonance position from
some average value according to a Gaussian distribution. The factors giving rise to the
appearance of inhomogeneous broadening and its influence on the spectrum of excitonic
states have been examined in Ref. 16. For us it is important to note that quantum beats of
inhomogeneously broadened excitonic lines, which are a more general case of Bloch
oscillations, will consist of the interference of quantum beats between different parts of
excitonic lines. Therefore in the present letter it will be shown that inhomogeneously
broadened excitonic states strongly influence the anharmonicity of Bloch oscillations in
the region of anticrossing of the states of light and heavy excitons.

To investigate anharmonic oscillations of the energy position of excitonic lines in
the FWM spectra experimentally, we employed GaAghSla, ;As SL samples with 97
and 17 A wide quantum wells and barriers, built intg-a—n structure Jum thick to
which an external bias voltage ranging froh® to —7 V was applied. Radiation with a
duration of 150 fs from a tunable titanium-sapphire laser was used in a two-beam ar-
rangement to excite states of heavy and light excitons simultaneously and to observe a
spectrally resolved FWM signal. The sample was located in an optical helium cryostat at
a temperature of about 10 K. The transmission and FWM spectra with different time
delayst between two laser pulses were detected with an interval of 50 fs with a spec-
trometer and an OMA multichannel optical detector with a resolution of 0.1 meV.

Figure 1a displays experimentally measured FWM spectra for the experimental su-
perlattice with a bias voltage of 1.7 V for different delaysr ranging from—0.5 to
+2 ps. The energy of the laser pulse was equal to approximately (Windh corre-
sponded to electron density 108 cm™2), and the maximum of the wide-band laser
radiation wadhv,&~1.555 eV. As one can see from the figure, three states each of heavy
and light excitons were excited simultaneously. The intensity of all lines oscillates as a
function of = with period 0.33 pgFig. 2a, which corresponds to the splitting between the
hh_4, hhy, andhh, , lines andeFd~14 meV. Two quite deep dips between thie_;
andlh_, lines and between thidn _; andhh, ; lines are observed in the FWM spectra.
The dips cannot be approximated by a sum of Lorentzian or Gaussian lines and are a
consequence of the initial phase difference of the wave functions describing heavy and
light holes. The experimental dependence of the position of the maximum bhhiéne
(1.552 eV line on the delayr is shown in Fig. 2b(dotg. One can see that periodic
oscillations are observed, but they are sawtoothed and not sinusoidal.

We calculated the kinetics of the FWM signal spectra by analogy to Refs. 17 and 18.
The following conclusions can be drawn from an analysis of the calculations: Quantum
beats of homogeneously broadened WS sthtas the sameaniniband lead to oscilla-
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FIG. 1. g Variation of the shape of the experimental FWM signal spectrum accompanying application of an
external constant electric fiell=1.6 kV/cm. b Variation of the shape of the FWM signal spectrum obtained
using the proposed model for the following parametéts=1.5425 eV, y;,=0.7 meV, M,;=1.5 (hh_,);
E,=1.553 eV, y,=1.1 meV, M,=12 (hhy); E3=1.5575 eV, y;=1.4 meV, M3=0.7-i (lh_y);
E,=1.5645 eV, y,=1.8 meV, M,=1 (hh,;); Es=156 eV, ys=1.8eV, M;=0.3 (h);
Me=1.5515 eV,ys=0.9 meV,Mg=1.35 exp{/6-i)(Ih_,), whereE; ,y;, andM; are, respectively, the reso-
nance position, homogeneous broadening parameter, and dipole momenitbfeReitonic transition.

tions of only the intensity of the FWM signal with the same period for all lines. The
shape of the FWM signal spectrum is absolutely independent of the del8jmulta-

neous laser excitation of homogeneously broadened states of heavy and light holes with
negative indicegfor examplelh _; orlh_,) leads to interference of the polarizations of
these states. As a result, additiotrirmonic oscillations of the spectral position and
shape of the FWM lines are superposed on the harmonic oscillations of the intensity and
shape of the FWM signal which are caused by the Bloch spatial oscillations of the
macroscopic dipole moment. However, for reasonable values of the oscillator strengths
and dampings of the light-exciton states the oscillations of the spectral position of the
FWM lines do not exceed 0.2 meV. The most complete agreement between the theoreti-
cal calculations of the shape and kinetics of the FWM signal spectrum and the experi-
mental observations obtains in the case of quantum beats of inhomogeneously broadened
excitonic lines. Even quantum beats of only two inhomogeneously broadened levels can
lead to sawtooth oscillations of the resonance position of the excitonic states. In addition,
the sawtooth character of the spectral oscillations depends on the correlation parameter
N\, which shows the extent to which the distributions describing inhomogeneous broad-
ening of interacting excitonic states are coupled with one andfHerthe case of total
correlation f =1) these distributions can be uniquely expressed in terms of one another.
The result is that the effects of the interference of the polarization of different parts of the
excitonic lines compensate one another completely and in consequence oscillations of the
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FIG. 2. Comparison of the experimenfaircles behavior of the maximunga) and resonance positidi) of

the hhy line with theoretical calculations. The best agreement is shown in the figure by solid lines and is
obtained for the following values of the parametefS;=1.541778 eV, y;=0.52 meV, I'1=37v;;
E,=1.552114 eV,y,=0.74 meV,I',=I";, A=0.72, wherd’; is the inhomogeneous-broadening parameter.

position or shape of the FWM lines are not observed. In the case when the factors giving
rise to inhomogeneous broadening are completely independent of one anothey,(

the interference of polarization has a large effect. In real SLs the paramegeies from

0.6 to 0.9, so that anharmonic variations of the position of the excitonic lines can be
observed experimentally. The intensity of the anharmonic spectral oscillations caused by
quantum beats of inhomogeneously broadened levels depends on the splitting between
the levels and decreases rapidly with increasing splitting of the fan of states of the SW
ladder.

Figures 2a and 2b show the experimentally measured oscillatitotg of the in-
tensity and spectral position of theh, line with a bias voltage of-1.6 V and the
computational resultésolid line9 obtained for the case of quantum beats of inhomoge-
neously broadened leveish, andhh_, (the parameters employed in the calculations are
indicated in the figure captionThe good agreement between the theoretical and experi-
mental variations in the position of theh, line confirms the correctness of choosing
Bloch oscillations of the macroscopic dipole, taking account of inhomogeneous broaden-
ing, as a theoretical model. The change in the resonance position of the line studied is
different from the theoretical predictions only for small delays. This is due to the fact that
the theoretical model employed neglected completely the effect of the finite duration of
the exciting laser pulse as well as other states of light and heavy excitons which result in
additional anharmonicity of the oscillations of the FWM signal.

Figure 1b shows the FWM signal spectra computed on the basis of the proposed
model for resonance energies, relative amplitudes, and decay parameters of the states of
heavy and light excitons, presented in the figure caption, which participate in the Bloch
oscillations. As follows from a comparison of the experimefifad). 13 and theoretical
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(Fig. 1b spectra and the kinetics of the FWM signal, they agree not only in overall
features, but also in many details.

In summary, we have shown that quantum beats of inhomogeneously broadened
states of heavy excitons in GaAs/AlGaAs superlattices in a weak external electric field
lead to anharmonicity of Bloch oscillations. The model proposed makes it possible to
describe quite completely the FWM signal spectra and the kinetics of Bloch oscillations
in weak fields and to determine the parameters characterizing them.
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