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Summary. — Doppler broadenings of positron annihilation radiation
have been measured with a Li-drifted Ge-detector having a resolution
of 1.76 keV FWHM for the 482 keV y-line of 181Hf. From the observed
shapes of the photopeaks of the annihilation radiation in various metals,
the functional form of the momentum distribution of the annihilating
pair has been obtained. The least-square analysis of the experimental
curves gives values for the WHM of the unfolded pair momentum
distribution curves as 2.7 keV for Cu, and 2.5 keV for Zn. These widths
are consistent with angular eorrelation measurements on the annihilation
quanta. Results obtained in the electric-field quenching in gaseous O,
are presented. A double-subtraction method is presented and its utility
is diseussed in determining the Doppler broadening of the radiation
originating from the positron annihilation with bound atomic electrons.
A search for the one-photon (F = (4/3)mc?) decay has been made. The
upper limit for the relative cross-section of the one-photon to two-photon
free annihilation in potassium metal is < 7.0-10-5. The relative merits
of Doppler broadening and conventional techniques are compared.

(*) This research was supported by the U.S. Atomic Energy Commission, Con-
tract AT(11-1)-1198, through the Materials Research Laboratory, University of Illinoie,
and by the U.8. Atomic Energy Comimission and the National Science Foundation
through Carnegie-Mellon University.

(**) This work was reported at the American Physical Society Meeting, New
York (1967).
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1. — Introduetion.

One of the primary interests in the study of positron annihilation in solids
has been to measure two-photon angular eorrelations. This type of measure-
ment gives the momentum distribution of the center of mass of the annihilating
electron-positron pair (}). Similarly, as ‘a consequence of the center-of-mass
motion, the energies of the annihilation photons, although infinitely sharp in
the center-of-mass co-ordinate system, should be Doppler broadened in the
laboratory system. The information obtained by the measurement of this
broadening is similar, in principle, to the information obtained from the angular
correlation. An early measurement of DuMonND, LiNp, and WATSON in 1949
and of LiND and HEDGRAN in 1951 using a bent crystal spectrometer, showed
that the effect was present but that it was difficult to observe (2).

In this paper we report a series of experiments to investigate the use of
high-resolution lithium-drifted germanium (Ge-Li) solid-state detectors for the
measurement of Doppler broadening and the results obtained with such tech-
niques in the study of positron annihilation. These detectors, in addition to
a good energy resolution, have a good time resolution capability which is also
a potentially useful feature in the study of positron annihilation; the correla-
tion of life-time and the momentum distribution can be measured with rela-
tive ease.

A preliminary summary of these results has been given earlier (3). Similar
comparisons have also been made by other groups ().

2. — Experimental procedure.

We have used lithium-drifted germanium (Ge-Li) solid-state detectors for
this work (*). The detectors were planar drift types with typical volumes
around 3 cm?.

The detector and the preamplifier were cooled to liquid-nitrogen tem-
peratures in a cold-finger arrangement. The amplifier was a low-noise Tennelec

(') 8. De BexepETTI, C. CowaN, W. KONNEKER and H. PRIMAKOFF: Phys. Rev.,
77, 205 (1950).

(*) J. W. M. Dumoxp, D. A. Linp and B. B. Warsox: Phys. Rev., T5, 1226 (1949);
A. HeEpGgraN and D. A. TLIND: Phys. Rev., 82, 126 (1951).

(®) K. Rama ReDDY, R. A. CARRIGAN jr., 8. D& BeNEDETTI and R. B. SurToN:
Bull. Am. Phys. Soc., 12, 74 (1967).

() H. P. Horz, J. M. MataiEsEN and J. P. HugrLEY: Bull. Am. Phys. Soc., 12,
74 (1967); Phys. Rev., 170, (1968); G. MURRAY: Phys. Lett.,, 24 B, 26B (1967).

(*) These detectors were supplied by H. MaNN of the Argonne National Laboratory
counter development group to the Carnegie-Mellon University, Argonne National
Laboratory joint muonic X.ray program.
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Model TC-200. A Victoreen Model S-16 ACD-2 P (A) 3200 channel analog to
digital converter was used to display the annihilation peak, typically, in sixty
channels. A gain stabilizer was used in conjunction with radioactive sources
to reduce the drifts in the pulse amplification and analysis system. With the
use of gain stabilization, gamma-ray peaks were broadened by less than one
half channel out of 3200 over long counting periods as compared to short
counting times.
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Fig. 1. — Energy spectrum of the annihilation radiation in various substances along
with the 482 keV line of ®1Hf. I'=1.76keV. 1 channel = 0.217 keV.

A carrier-free source of 22Na of 50 microcuries was deposited on } mm thick
mylar and sandwiched between the two pieces of the material under study.
The annihilation spectrum was measured as deseribed previously. Typieal
instramental resolutions in the experiments have been 1.76 keV FWHM for
482 keV #1H{ gamma-rays and 1.84 keV FWHM for ¥Cs gamma-rays of
662.8 keV. In this energy region the line widths and line shapes do not change
appreciably; thus the 482 keV gamma line is assumed to give the instrumental
resolution of the annihilation experiments. Typical experimental spectra of
the annihilation radiation in various materials and of the calibration line taken
simultaneously are given in Fig. 1. Distinct changes are noticeable in the
shapes of the annihilation peaks from one substance to another.
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3. — Annihilation in metals.

In this Section we consider to what extent a measurement of Doppler
broadening can be used in the study of the electronic structure of metals and
how this compares with the angular-correlation method. The measurements
of angular deviation 0 from 180° between the two photons and of the fractional
change in the photon energy AE/me? are related by a factor of two, <.e.,
0 = 2AE/mc®. The relation § = 2A¥E/me? is valid only when the measurements
are made for the same compenent of the center-of-mass momentum, since the
angle 6 is related to the transverse center-of-mass momentum (6 = p,/me)and
the broadening AF is related to the longitudinal center-of-mass momentum.
The center of gravity of the annihilation radiation also contains information
on the average energy of the annihilating system which, in turn, is related
to the effective masses involved. However, the expected shift in the center of
gravity is of the order of 10 eV which is still below the limit of energy deter-
mination with Ge(Li) detectors.

TABLE I. — Comparison of techniques.

= -
Feature Convent.ional angula.r ’ Doppler bljoadening
correlation technique technique
1) Basic measurement ; Angular correlation Line broadening
2) Resolution Very good: }mrad typ- | Notverygoodat present, best
ical, 4 mrad ~ 1 keV FWHM=1.5keV (equivalent
to 6 mrad) but might improve
3) Electronic circuitry | High-speed coincidence Linear pulse analysis system
circuitry
4) Mecasured parameter | Transverse pair momen- | Longitudinal pair momen-
tum tum
5) Use a) Useful only for 2-pho- | a) Useful for 2-photon, 3-
ton decay photon and 1-photon decay
b) Desired portion of the | b) Entire energy spectrum is
curve can be scanned obtained simultaneously
at will
)
6) Sample constraints | Constraints on the sam- No problem in working with
" ple are a problem: lim- | gases, plasma, high pres-
its the angular resolu- | sures, temperature, electric
tion, counting rate, cte. and magnetic fields, ete.
|




ON THE DOPPLER BROADENING ETC. 109

In Doppler broadening measurements the resolution is limited by the de-
tector and associated electronics. The expected change in energy is AHE —
= (vg/2¢) By = 1.5 keV for an electron with Fermi velocity v, = 1.8-10% cm/s.
Good resolutions are 1.5 keV corresponding to 6 mrad in angular ecorrelation
measurements. In angular correlation experiments the resolution is limited by
the slit geometry and the physical dimensions of the source and sample. A
typical value is $ mrad. Thus the resolution is more than a factor of ten better
for angular correlation. However, in Doppler broadening measurements the
instrumental resolution can be determined directly by observation of a gamma-
ray line, while there is no such convenient calibration in angular correlation.
Practical data acquisition rates appear to be more than an order of magnitude
better for the Doppler broadening technique, using much weaker sources. Ag
a result the Doppler broadening is particularly useful for studying the momentum
distribution in the region of higher momenta. In this region the angular correla-
tion measurements suffer because accidental counts become increasingly signif-
icant. In Table I the relative advantages of the two techniques are compared.
In spite of its many advantages, the poor resolution of the present technique
poses a serious problem for a quantitative interpretation of the experimental
data. To overcome this difficulty, we have adopted the following procedure
for unfolding the instrumental resolution.

The instrumental resolution line shape was assumed to be a sum of two
Gaussians with the same position but differing in amplitudes and widths. The
background in the region of the peak was assumed to follow a cubic polynomial.
The assumed line shape is

(]) f( J, aO"-as):

3
= z a; ' + a, exp [— a;[E — ag]?] + a, exp [— as[E— agl?] ...,
i=0
where the a’s are the fitted parameters to be determined from the experimental
data. The values of these parameters are found by the method of least-squares
analysis which minimize the function S? defined as.

(2) 82 =3 [F(E,) —f(T;, ay ... as)]* W,

w0

where F(FE,) is the measured quantity referring to the ¢-th data point with a
statistical weight W, and y? = S?/number of degrees of freedom.

The true energy distribution in the Doppler broadening is assumed to be
symmetric about the mean position, E,, and to follow a functional form

N(B) = 3 [b: + e(|F—B|)'],

=1
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where it is assumed that contributions from each term [b; -+ ¢,(|E — E,|)’] is
positive definite. This form explicitly contains the trunecated parabola expeeted
on the basis of the free electron model. Using the analytic expression for the
instrumental resolution a convolution function is defined by g(E):

o) = f N (@) {8, B) 4B .

The function g(#) is compared with the experimental data, point by point,
in the same manner as the resolution line shape.
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Fig. 2. — Energy distribution of the annihilation radiation, a,) for polycrystalline
copper, «,) for polyerystalline zine. + experimental data; e caloulated « best-fit».
Calibration: 1 channel = 0.217 keV.

In Fig. 2 the continuous curves represent the calculated least-squares fit
to the experimental data (denoted by circles). The abcissa is the energy and
the ordinate is the counts per unit energy interval per wunit time. The nor-
malized y? is greater than one, reflecting the fact that it is not a perfect fit.
Similar y® were obtained in fitting the calibration line, indicating that most
of the difficulties in obtaining a good fit involve reproducing the calibration
line. In this conneetion it should be noted that the lines contain ten to one
hundred times as many counts as the lines employed in mesic X-ray spec-
troscopy and consequently the fitting problem is correspondingly more difficult.
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Results obtained for momenturm distributions after unfolding the instru-
mental resolution are given in Fig. 3. In the same Figure corresponding angular-
correlation results (°) are given for com-
parison purposes and the agreement 10 # _(F——FH;
can be seen to be good with no system- ¢
atic difference appearing as a fune- 3 }
tion of angle. We have also used a 08} °
Fourier-transform method (¢) for unfold-
ing the instrumental resolution. Error
estimates were not made for the Fou-
rier-transform method. However, the
agreement between the two unfolding
techniques is reasonable if not perfect.
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Fig. 3. — Comparison of the pair-momen- r : B
tum distribution spectrum obtained from o
the Doppler broadening technique and the oz2p ; 5°
angular correlation (%) technique; points (o) 3 Aog

represent the result of the Fourier trans- r o ‘Agis
form method (e) are from the polynom- Mt*” 080
inal method, and (a), angular correlation b8 1y y 1t
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4. - Annihilation in gases.

There are two competing processes for positron annihilation in gases; forma-
tion of positronium which decays by two or three photons with negligible
Doppler broadening (sharp component) and direct annihilation with the bound
atomic electrons having a measurable Doppler broadening (broad component).
A change in the relative rates of the two processes induced by external condi-
tions will change the shape of the annihilation line and consequently the
« moments of the line » will also change. Observations of such shifts offer direct
evidence that the line broadening is properly interpreted.

Following Deutsch’s () observation that an electric field ecan enhance the
formation of positronium, there have been a number of attempts to study this
phenomenon with varying degrees of success (®). In the presence of an electric

(®) A. T. StEwart: Can. Jowrn. Phys., 35, 168 (1957).

(%) P. M. Morst and H. FesuBacu: Methods of Theoretical Physics, part I (New
York, 1953), p. 465,

(") M. Drurscu and 8. C. BROwN: Phys. Rev., 85, 1047 (1952).

(®) S. MarpER, V. W. Hucnes, C. S. Wu and W. BENNET: Phys. Rev., 103, 1258
(1956).
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field the qualitative deseription of the phenomenon is that the positrons below

the Ore gap gain sufficient energy to enter the Ore gap, where they have the

possibility of forming positronium. Thus, the increase in the sharp component,

in the presence of an electric field,

should be equal to the decrease in

3) the broad component, and the frac-

tional transfer can be expected to

be a monotonic function of the elec-

tric field. This effect has been stu-

died by PAGeE and BRIMHALL (®) in

greater detail. In particular, they

attempted to separate the sharp and

broad components with an instru-

511 keV %) mental resolution of ~ 10 keV com-

ﬂ pared to the 1.7 keV now available.

We have used oxygen gas in our

experiments. The positron source,

22Ng, was deposited on a } mm thick

Mylar film and suspended rigidly

between the polished rectangular

brass plates forming a condenser.

The assembly was enclosed in a

Fig. 4. — Experimental arrangement for pressure chamber with the potential

the study of positl.‘on annibilation in 83%eS.  aeross the condenser plates arranged

i) Gas. outlet; 2) high voltage; 3) gas mk.)t; so that it could be varied externally.

) O ring; 5) gas under study; 6) plastic; }

7) brass condenser plates; 8) 3 mil Mylar; Lhe details of the experimental ar-

9) detector; 10) source; 11) %in. alumi- rangement are illustrated in Fig. 4.

nium cylinder. The entire annihilation y-ray spec-

trum, including the 3-photon radia-

tion, was measured for each value of the electric field under identical con-

ditions.

To obtain the transfer rates of the broad component to the sharp component

and the Doppler broadening of the broad components, the data on oxygen was
analysed by the following procedure:

N— 5

..IJ

a) Single subtraction method. The difference in count rate with electrie
field on and electric field off was obtained at each energy interval. The resulting
« differences in count rate » vs. the channel number (energy) are given in Fig. 5
for various values of the electric field. From these curves the transfer of the
broad to the sharp component as a function of electric field is clearly seen.

(®) J. E. BrimaarL and L. A. PAGE: Nuove Cimento, 43 B, 119 (1966).
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The symmetry in the «difference data »
reflects the stability of the electronic
system used in these experiments. The
area under the difference data, in the
region of the annihilation peak, is al-
most zero at each field except at low
field values {below ~ 3.0 kV/em), where
there might be some uncertainty in
the experimental result. This fact leads
us to the conclusion that the fraction
of positrons transferred from the broad
component to the sharp component de-
cays by two-photon radiation. This
oceurs because oxygen gas is paramag-
netic, and spin-flip collisions at this
pressure lead to fast conversion of trip-
let to singlet positronium which decays
by the two-photon mode ('°).

The percent transfer of broad com-
ponent to the sharp component as a
function of field is given in Fig. 6.
This transfer rate at each field value
was caleulated by summing the abso-
lute counts of the difference data and
taking one half of the integral counts.
Since the actual trangfer rates are difil-
cult to estimate from data taken with a
detector having a complicated resolution
function, the method used here gives a
lower limit to the « fractional transfer ».

The annihilation spectrum obtained
at an electric field of 15.5 kV/jem is
still quite broad (FWHM ==2.32 keV
as compared to the ingtrumental resolu-
tion of 1.76 keV), and the transfer of
the total broad component to the sharp
component is not complete although
there is a tendency for saturation in
the transfer at this field.
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b) A «double subtraction » method was used to estimate the width of

8

12+

percent transfer

1

0 s 10 15 20
kV/cm

Fig. 6. — Electric field quenching in
oxygen. Percent transfer (see the text)
from the broad component to the
sharp component as a function of d.c.
electric field. p2~600p.s.i., T ~25°C.

the broad component. In this method
the sharp component (the instrumental
resolution here) wasg subtracted, channel
by channel, from the « difference data »
in such a way that the total resultant
absolute counts were equal to the sub-
tracted total counts. The resultant broad
component spectrum is shown in Fig. 7.
The root mean square width of Doppler
broadening is estimated to be I ~4.2 keV.
This width is twice as large (~17 mrad
FWHM) as needed to account for the
momentum distribution of the bound elec-
tron. The additional broadening indicates
that the positron may not be thermalized
in the gas before the annihilation takes
place. This conclusion agrees with a sim-
ilar conclusion based on the observation

1200

T

1000

700

counts/channel

1 I

2.2 44

ene}-gy (keV)

Fig. 7. — a) Doppler broadening in the broad components of oxygen using the « double
subtraction » technique and &) the instrumental resolution. The continuous curve is

a guide to the eye.

a) I'~47keV; b) I'~1.8 keV.
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of a velocity-dependent nonexponential form for the broad component of the
positron annihilation in gaseous argon (1!).

5. — Search for one-photon annihilation.

The observation of one-photon annihilation would be quite significant in
the study of the decay process of the positron (12). This process can be rep-
resented as

ette +e  —e -vy.

From the principle of conservation of energy and conservation of momentum,
it follows that the energy of the photon in the above process should be $me?
(== 681.2 keV). The Feynman diagrams for this process and for the two-photon
decay ave given in Fig. 8. It should be noticed that the one-photon annihi-
lation amplitude involves an overlap integral containing the wave functions
of the positron and the two electrons. This amplitude should give information
about the electron-electron correlation in a solid. Consequently, the observa-

900‘T%‘#jﬁ‘im‘,Tﬁﬁl¢ Wi Gjukev )

w R ‘

T Ay ‘“W‘+*+*T++*”+**+Hf+ it d )

f;AGOO T 'b ; i%iI? %1 681.2 ke | T)‘
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.U d w ?Tll ;ﬁ l + b)

R T i
IR CLUR IR b

4000 - + 4'}‘ t ﬂﬁ WH#WHM W !

i . L ! . 1
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Fig. 8. — Feynman diagrams for «) two-photon and &) one-photon positron annihilations.

(1) W. R. Fark. . H. R. Orra and G. JoNes: Phys. Rev. Leti., 14, 447 (1965).
(2) The importance of this correlation was emphasized by J. BARDEEN to one of
the authors (K.R.R.) in a private conversation.
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tion and utilization of the one photon decay could be significant for studying
the electronic structure of solids where there is no other alternative method
to measure this correlation directly.

We have attempted to observe this process. In this search, the energy
spectrum of the annihilation radiation, superimposed on the background spec-
trum from the source, was measured a Ge(Li) detector. In one search, potas-
sium metal was used. $*Cu was used as a positron source in preference to 22Na;
in the energy region of interest the signal-to-background ratio is better with
the ¢4Cu source. That is to say the ratio of the 510.9 keV peak to the nearby
(~ 681 keV) background is significantly higher. The energy region of the
photopeak, due to 681.2 keV, was searched carefully and the gamma-ray spec-
trum, in this energy region, is given in Fig.9 b). The results show, after a
considerable period of counting time, that the rate for the one-photon anni-
hilation in potassium relative to the two-photon annihilation is <7.0-10-5.

a) b)

Fig. 9. — Energy spectrum in the region of 681.2 keV for the one-photon annihilation
search a) in helium gas under pressure and b) in potassium.

In another search helium gas under pressure was investigated using *:Cu
for a positron source. Helium was selected for its high eleetron-electron cor-
relations. The experimental result, in the relevant energy region, is shown
in Fig. 9a). From this data the ratioc of one-photon to two-photon annihi-
lation eross-section is < 1.7-10-%. In this estimate the statistical errors and
the correction due to the positronium contribution (3) have been considered.
Other possible errors, if any, are assumed to be small. A similar negative
result has been reported recently by MaAcKENzIE and McKEE with a statistical
accuracy of < 7-107% (9. In this measurement the authors were interested
in detecting the one-photon annihilation of the positron polaron state in KC1
and BeO.

(**) J. WackerLE and R. Stump: Phys. Rev., 108, 18 (1957).
() I. K. MacKe~zik and B. J. A. McKEE: Bull. Am. Phys. Soc., 12, 687 (1967).
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To understand our experimental results, it is useful to compare with theo-
retical calenlations. Detailed calculations are not available at present. How-
ever, an order of magnitude estimate can be made for the relative cross-section
of one-photon to two-photon decay. The statistical factors, energy denom-
inators and the anrvihilation amplitudes together do not differ very much in
both cases. However, the amplitude for the Coulomb scattering of the positron
by a «spectator » electron (see Fig. 8) into the proper momentum state and
the amplitude for virtual emission of the photon in the two-photon decay
differ considerably. In the one-photon annihilation process there is an extra
vertex compared to the two-photon annihilation; however, the small overlap
of electron-one and electron-two reduces the transition amplitude somewhat.
Estimation of these amplitudes shows that the ratio of cross-sections for one-
photon to two-photon processes, in a solid, is of the order of «t (x = e?/he)
—which is extremely small. Thus our negative result is in agreement with
theoretical expectations. It also shows that such an extremely small cross-
section for one-photon annihilation, even if it is observed in the present manner,
makes it an impractical research tool in solid-state physies.

6. — Conclusions.

We have undertaken these investigations to explore the use of high-resolu-
tion gamma-ray detectors for investigating Doppler broadening of annihila-
tion radiation. Such an investigation necessarily requires a comparison to the
highly sueccessful angular correlation technique which measures essentially the
same quantity. At the present stage of development the effeective resolution
of the Doppler broadening technique after computer analysis is about equal
to many of the experimentally measured quantities obtained with angular
correlation. However, the data acquisition rate is typically more than an
order of magnitude faster with the Doppler broadening technique. Angular
correlation is much better suited to most conventional measurements where
resolution is most important and a certain portion of the momentum spectrum
an be scanned at will. However, the Doppler broadening technique may
have greater utility for measurements of certain effects, such as the wings
of the annihilation distribution, where resolution is no longer as important
and rate is increasingly so. In addition, it may be useful in situations requiring
cumbersome target constraints.

We have examined several cases, such as annihilation in solids and in gases,
where changes in external parameters cause a change in the annihilation line
shape. In this connection a double subtraction method has been used to detect
line shape changes and to determine Doppler broadening of the broad com-
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ponent annihilation radiation in gases. Here the high count rate and very
stable intrinsic line shape of the Doppler broadening technique are useful
features.

We have also searched for one-photon annmihilation (E, = (4/3) me?). Our
experimental limit for the relative cross-section of one-photon annihilation
is less than «®. Consequently, this potentially useful technique for measuring
electron-electron correlation does not seem feasible using only a Ge-Lidetector.
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BEnNEDETTI and R. B. SurToN in many phases of this work.

We would like to thank F. pg 8. BArRrR03, D. HAFEMESTER and M. KiNa
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RIASSUNTO ()

Si ¢ misurata la dilatazione Doppler della radiazione di annichilazione del positrone
con un rivelatore al Ge drogato con Li avente risoluzione di 1.76 keV FWHM per la
linea » da 482 keV del 181Hf. Dagli andamenti osservati dei fotopicchi della radiazione
di annichilazione in vari metalli, si ¢ ottenuta la forma funzionale della distribuzione
degliimpulsi della coppia che si annichila. I’analisi eol metodo dei minimi quadrati delle
curve sperimentali fornisce valori per la FWHM delle curve di distribuzione degli impulsi
della coppia rivelata di 2.7 keV per Cu, e 2.5 keV per Zn. Queste ampiezze sono coe-
renti con le misure di correlazione angolare dei quanti di annichilazione. Si presentano
i risultati ottenuti nello smorzamento del campo elettrico in O, gassoso. Si presenta
un metodo di sottrazione doppia e si discute la sua utilith nella determinazione
della dilatazione Doppler della radiazione derivata dall’annichilamento del positone
con elettroni atomici legati. Si & cercato il decadimento di un fotone (E = (4/3)mc?).
Il limite superiore per la sezione d’urto relativa dell’annichilazione da uno a due fotoni
nel potassio metallico ¢ < 7.0-10-%. Si confrontano 1 meriti relativi della dilatazione
Doppler ¢ le tecniche convenzionali.

(") Traduzione a cura della Redazione.



ON THE DOPPLER BROADENING ETC. 119

O [JONmIJIepoOBCKOM YHIHPEHHH H3JTy4eHHs
npA ABYX-(OTOHHOH AHHHIMW/IALMM HO3HTPOHA.

Pesrome (*). — Bbpinmu u3MepeHbl HOMNIUIEPOBCKUE YIOIVPEHHA NOpU AHHUTUISALIMH IO3H-
TpOHAZ C IOMOILUBIO TEPMAHUEBOTO OETEKTOPa ¢ ApeidyloluM JIMTHeM, KOTOPEIA mMeeT
paspemrenne 1.76 x3B FWHM mis p muuum 81HE 482 x3B. Ucxoas w3 HaOnroIeHHBIX
dhopM (GOTO-IIMKOB U3IyYEHWS AHHATHISIMKM B Pa3IHYHBIX MeTajulax, ObUla HOMYydYeHa
dyHkuponanbuas GopMa MMITYJILCHOTO paclpeneNieHds AaHHUTIIHPYIOel mapsl. AHau3
HAaUMEHBIINX KBAIPATOB IIOJNYYEHHBIX JKCIEPHMEHTAIBHBIX KPUBBIX AAET 3HAYSHHA It
FWHM xpumBOil MMIYJILCHOTO pacOpedelieHnus Tap, kak Hampumep, 2.7 k3B mm Cu
u 2.5xB mig Zn. OTH IIMPHMHBL COTHACYIOTCA C H3MEPCHUSMH YIJIOBOH KOpPEIsUu
AHHUTWISAIMOHHEIX KBaHTOB. IIpHBOOATCS PE3yNbTATHI, MMOIYYEHHBIE NPH DICKTPHUIECKOM
roje, nojgaensieMoM B raszootbpasaoMm 0,. Ilpennaraercs MeTOnx ABOMHOTO BBIYUTAHHA
1 06CYKAaeTCs ero MOAe3HOCTh IIPH ONpeeNeHnH JOMUIEPOBCKOTO YIIMPEHUA U3IYICHAA,
00pa3yroIerocs Ipy AHHUTHIISIIHHA [IO3UTPOHOB CO CBA3AHHBIMHA aTOMHBIMH 37ieKTPOHAMM.
Bouin nposeaensbl HONCKH oaHo-boTorHOro pacnaga (= (4/3)me?). Bepxumuit npenen as
OTHOCHTENILHOIO IONEPEYHOro ceveHus OOHO-OOTOHHOM K ABYX-POTOHHON cBOOOIMHOMH
AHHWTHIIALUAL B METAJUIMYECKOM Kajaud cocrtasisgeT < 7.0°10-°. ITIpoBomutcsa cpaBHeHHE
OTHOCHTENLHBIX [OCTOMHCTB AOMIUIEPOBCKOTO YIIUPEHU® M OOINENpUHSATON TEXHMKH.

(*) Iepesedeno pedaxyueil.



