
FIG. 3. Dependence of the mean energy ;WE (in units of 
y 2 f Z / ~ )  t r a n d r r e d  by the electron to the field on the detuning , 
calculated from formulas (10) and (17). 

Formula  (19) re f lec t s  the  fact  that in the  case of small 
detunings, a large part of t h e  e lec t rons  ;\re trapped . 
by the wave and  a small fract ion (of the o r d e r  of A,) of 
the untrapped electrons have a s m a l l  [of t h e  o r d e r  of 
l / ln  (1/ 1 A, I I] mean  velocity relative to the  wave. 

Figure 3 shows a g r a p h o f  the dependence of t h e  mean  
energy bE t r a n s f e r r e d  to the electromagnet ic  field on 
t h e  detuning A,. The  maximum in t h e  g r a p h  cor responds  - 
to A,= 1.4 with A, - A ~ 0 . 6 ,  so that the  maximum rela- 
tive change in the energy of t h e  electron in the s t rong  
saturat ion r e g i m e  is 

85%f~-0.6~'s)/o. (20) 

We note that at small values of t h e  saturat ion param-  
eter T =  z/l<< 1, the  width of the  amplification band i s  

decreased  with increase  in z: bw/w -a/z (a i s  the  pi tch 
of the  helical magnetic field). 57 In t h e  strong saturation 
reg ime,  the length z in th i s  relat ion is replaced by the  
bunching length 1 (in our notation, th i s  cor responds  to 
Ao- 1). 

T h e  given-field approximation that we have u s e d  is 
valid under the  condition that the relative change in t h e  
energy of t h e  electromagnetic wave is small: nm<< g2, 
where  n is the  concentration of electrons in the  beam. 
Using formulas  (5) and (201, we can rewrite th i s  con- 
dition in the  f o r m  1 >>%'   e en^)^ ". If t h i s  inequality 
is sat isf ied,  the bunching length 1 is small in compari- 
son with the  amplification length that enters into t h e  
linear theory. ' 

'L. R. Elias, W. M. Fairbank, J. M. Madey, H A. Schwett- 
man and T. J. Smith, Phys. Rev. Lett. 36, 717 (1976). 

'D. A. Deacon, L. R. Elias, J. M. Madey. G. J.  Raiman, 
H. A. Schwettman and T. I. Smith, Phys. Rev. Lett. 38, 
892 (1977). 

3 ~ .  B. McDermott, T. C. Marshall, S. P. Schlesinger, 
R, K. Parker and W. L. Granatstein, Phys. Rev. Lett. 
41, 1368 (1978). 

4 ~ .  M. Madey, J. Appl. Fhys. 42, 1906 (1971). 
5 ~ .  A. Hopf, P. Meystre, M. 0. Scully, and W. H. Louisell, 

Phys. R$v. ett. 37, 1215 (1976), 
%. A. Vainshtein, Zh. Tekhn. Fiz. 49, 1129, 1137 (1979) [Sov. 

Fhys. Techn. Fhys. 24, 625, 629 (1979)l. 
'w. H. Louisell, J. F. Lam, D. A .  Copeland and W. B. 

Colson, Fhys. Rev. A19, 288 (1979). 
'c. W. Planner, Phys. Lett. 67A, 263 (1978). 
9 ~ .  B.  Colson, Fhys. Quant. Electron. 5 (1977). 

Angular distributions of resonant gamma-ray scattering by 
57Fe nuclei in hydrated sulfates of iron 
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Zh. Eksp. Teor. Fiz. 79, 1491-1495 (October 1980) 

The angular distributions of the resonant scattering of 14.4 keV gamma rays by "Fe nuclei in the 
polycrystalline iron compounds (FeSO, . H,O and FeSO, .7H,O) were measured for the individual 
components of the quadrupole doublets of the hypertine structure. The gamma quanta scattered with and 
without recoil were separated by using the method of the "black absorber placed between the scatterer and 
the detector. The measured angular distributions of the resonant scattering differ from the "hard core" 
distribution, a fact attributed to the anisotropy of the Mossbauer-effect probability. The values of the 
anisotropy E are - 0.20*0.05 and 0.10*0.06 for FeSO, . H,O and FeSO, .7H,, respectively, at positive 
values of the electric field gradient. 

PACS numbers: 76.80. + y 

INTRODUCTION bauer-effect probability f '  is isotropic. If,  however, 
f '  depends on the angle between t h e  direct ions of the 

It is known1 that  t h e  q u a d r u p l e  doublets of the Mass-  c r y s t a l  axis and of the  emiss ion  of the  gamma quan- 

bauer  transitions $ - g5'Fe, llgSn) are symmetr ica l ,  tum,  f '  = f '(Of), then an asymmetry  of t h e  intensi t ies  - 
i.e., both l ines  have t h e  s a m e  intensity, if the MGss- can  appear  i n  p l y c r y s t a l l i n e  samples (the Gol'danskii- 
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Karyagin effect).' Komissarova et aL3*' have shown 
that the anisotropy of the MGssbauer-effect probability 
leads also to substantial changes in the angular dis- 
tributions of the resonant scattering. 

In the absence of hyperfine interaction, the angular 
distribution of the resonant scattering is determined by 
a function of the angular correlation for the transition 
I,(L)Z(L)I~,,(L), where I is the spin of the ground state 
of the nucleus, I is the spin of the excited state, and L 
is the multipolarity of the gamma transition.= For 
Zf, ,=$,Z=g,L=l we have 

The hyperfine interaction leads to a perturbation of this 
distribution: 

where P2(cos6') is a Legendre polynomial, 6' is the scat- 
tering angle, and G, is the perturbation (attenuation) 
factor, which takes for a static quadruple  interaction 
the form 

here A E  is  the energy of the quadrupole splitting of the 
I = level and r is its natural width. 

The use of the Mijssbauer effect makes it possible to 
observe the angular distributions of resonantly scattered 
gamma quanta when the hyperfine-structure components 
a r e  separately excited, if AE>> r. Iff '  is isotropic, 
then in the case of a polycrystalline scatter the angular 
distributions of both quadruple-doublet components a r e  
identical with the "hard core" distribution (i.e., G,(min) 
=0.2), and (2) goes over into 

Anisotropy of the MGssbauer effect probability leads to 
deviations from this formula. This situation was ex- 
perimentally d e m o n ~ t r a t e d ~ * ~  for a number of tin com- 
pounds characterized by resolvable quadruple  doublets 
for "OSn. In the same references were derived and 
calculated the corresponding coefficients, under the 
assumption that fl(Bf) can be expressed by the simple 
formula 

i.e., h e  anisotropy of the MGssbauer-effect probability 
can be characterized by a single parameter 

Iff '  is anisotropic and the individual components of 
the quadruple doublets a r e  excited, the angular- 
distribution functions can be expressed in the form 

where the coefficients C, depend on the magnitude and 
the sign of E ,  on the absolute value of the projection 

I m ( of I on the gradient axis (i.e., on the sign of the 
quadrupole interaction), and on the angle /3 between 
the crystal axis and the principal axis of the electric- 
field gradient (EFG). As shown in Refs. 3 and 4, the 

coefficients C, a r e  particularly sensitive to  these 
parameters if one detects not the total scattered radia- 
tion, but only that emitted by the scatterer without 
recoil. This was demonstrated in Refs. 3 and 4 using 
a resonant detector of 'lQSn radiation. 

It should be noted that the use of a resonant detector 
frequently entails methodological difficulties, inas- 
much a s  selection of a definite resonance makes it 
necessary to se t  in motion either the scatterer (if the 
source and detector a r e  a t  resonance) or the source and 
detector, using independent motors. This circumstance 
has prevented the authors of Refs. 3 and 4 from mea- 
suring, with a resonant detector, the angular distribu- 
tions for both components of the quadrupole doublet 
in the compound (C4HQ), SnO. 

In the present study the investigations of the depen- 
dences of the angular distributions of the resonant 
scattering on the anisotropy of the probability f' were 
expanded to include iron compounds. We have measured 
the angular distributions of the resonant scattering of 
14.4-keV gamma quanta by 57Fe nuclei upon excitation 
of the individual components of the quadrupole doublets 
in the compounds FeSO,. H20 and FeSO,. 7H20. The 
doublet splittings for these compounds a r e  respectively 
2.65 and 3.20 mm/sec, and the intensities of the com- 
ponents were unequal. The FeSO, a 7H20 absorption 
spectrum is shown in Fig. la.  

To separate the radiation scattered with and without 
recoil, we used a "black" absorber (Fig. lb). When it 
was placed in the path of the scattered beam ahead of 
the detector, only the recoil-free scattered y quanta 
were registered. Without the absorber, the gamma 
quanta emitted by the scatterer both with and without 
recoil were recorded. The difference effect pertains 
entirely to recoil-free scattering. The "black" ab- 
sorber can be made of the scatterer material. Its use 
therefore does not call for the aforementioned com- 
plication of the setup and permits in this case mea- 
surements to be made for all  the hyperfine structure 
components. If the absorber is thin with respect to the 
nonresonant gamma quanta, then its use does not lower 
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FIG. 1. Mijssbauer spectera of hydrated iron sulfates: a- 
aborption spectrum of FeSO,. 7H20, b-spectrum of "blackw 
absorber ' FeSO,. H20. 



FIG. 2 .  Angular distribution of resonantly scattered 14.4-keV 
gamma quanta by 5 T ~ e  nuclei in FeS04 HzO. The curves were 
calculated by Least squares: a-for pure recoil-free scatter- 
ing, b-for the entire scattered radiation; the curves "r" and 
"1" refer to the right and left components of the doublet. 

the counting efficiency. The latter can on the whole be 
much higher than when resonant detectors a r e  used, 
since the efficiency of the latter for resonant gamma 
quanta is  low, 10 to 15% according to the data of Ref. 6. 

EXPERIMENT 

The measurements were performed with a setup 
similar in geometry to that described in Refs. 3 and 7. 
The scatterer dimensions were 80x80 mm. The scat- 
tering angle was varied by simultaneously rotating the 
source and the detector. A 57Co source in C r ,  with 
activity 100 mCi, was se t  in motion with constant ac- 
celeration by an electrodynamic vibrator. The scat- 
tered radiation was registered with a scintillation spec- 
trometer with an NaI(T1) crystal. 

For each scattering angle from 90 to  150" we mea- 
sured the velocity spectra of the scattered radiation. 
The scatterers were made of very finely ground pow- 
ders  of the iron sulfates FeSO,. H20 and FeSO,. 7H,O 
(with natural content of 57Fe). The powder was spread 
on an aluminum substrate (0.10-0.12 mm) in a plastic 
frame and was covered on the outside by two layers of 
gauze. The effective scatterer thickness was chosen to 
be t, =ofla f '  = 12, where o, is the maximum resonant- 
absorption cross section and n, is the number of reso- 
nant nuclei per square centimeter. 

The "black" absorber used was FeSO,. H,O made of 
iron enriched with 57Fe. Its thickness was t ,=  30. It 
remained thin to nonresonant 14.4-keV gamma quanta. 

As a control, we measured first  the angular distribu- 
tion of the resonant scattering by the compound 
K,Fe(CN), .3H,O, for which the energy of the hyperfine 
interaction is equal to zero and the angular distribution 
should be unperturbed and take the form (1). In the ex- 
periment, the coefficient of P2(cose) was found to be 
C, =0.253 a 0.010, in good agreement with the calculation. 

The measurement results for FeSO,. H20 a r e  shown in 

Fig. 2 for the case of recoil-free scattering (a) and for 
the entire (with and without recoil) scattered radiation. 
For the first  case these distributions a r e  approximated 
by the expressions 

W,(O) 
=i+ (O.I07~,012)P,(cos 0),  

w, (0) 
-1$.(0.045*0.015) P, (cos 0), 

where the subscripts "r" and "1" refer  to the right and 
left components of the doublet. 

In the second case 

For the scatterer FeSO, 7H20 we obtained the coef- 
ficients C,,=0.035* 0.015, C,, =0.082 i 0.015 for scat- 
tering without recoil, and C,, =0.032i 0.015, C,, 
=0.055* 0.015 for the entire scattered radiation. 

DISCUSSION OF RESULTS 

In the present study we have demonstrated for the 
first  time ever,  following the reportsss4 of the inves- 
tigations with llgSn, the influence of the anisotropy of 
f '  on the angular distributions of resonant MGssbauer 
scattering for 57Fe nuclei in hydrated iron sulfates. In 
addition, we demonstrated the effectiveness of the 
method of the "black" absorber when i t  comes to  dis- 
tinguishing between gamma quanta scattered with an 
without energy loss to recoil. We have shown that the 
angular distribution functions for the components of 
the quadruple  doublet differ from the "hard core" dis- 
tribution for the components of the quadruple  doublet 
for both samples. The aggregate of the obtained data 
obtained for FeSO,. H,O can be explained with the aid 
of the calculated curves of Ref. 4 by putting & =0.20 
i 0.05, ft(n)/f'(n/2) =0.7 and j3= 90°, and by assuming 
that the left component corresponds to  the transition 
i%-*$ and the right to is-*$, i.e., that the sign of 
the EFG is positive. The latter agrees with the pre- 
diction of Ref. 8. 

For the FeSO, 7H,O sample, assuming a positive 
EFG, the results  agree with the calculation at the 
parameter values & = +0.10i 0.06, f l  S 20" and fl(n)/ 
f1(r/2) = 1.2. Chandra and Purig determined the value 
of the EFG and its asymmetry parameter in single 
crystals of this compound and indicated that the aniso- 
tropy of f '  is negligible, in agreement with our results. 

It is of interest to  note that the described measure- 
ments indicate that a change in the number of molecules 
of the crystalization water leads to rotation of the EFG 
axis relative to the crystal axis (p s 2 0 "  for FeSO,. 7H20 
and p= 90" for FeSO,. H,O). 

It is noted in Ref. 10 that incorrect allowance for the 
contribution of Rayleigh scattering can distort the angu- 
l a r  distribution of the resonant scattering. Allowance 
for this contribution, in accord with the formulas of 
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Refs. 10 and 11, has shown that, first ,  in our range of 
angles 90-150' the Rayleigh background is almost con- 
stant, and second, its value is less than 1% of the reso- 
nant effect, in agreement with the data of Refs. 12-14. 
Therefore the usual procedure of taking the nonresonant 
background into account by using the counting rate at 
v = - introduces no noticeable correctipns in our experi- 
mental angular distributions. 
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An expression is obtained for the critical magnetic field of a cylinder and of a cylindrical cavity inside a 
superconducting matrix. Possible states of a superconducting cylinder with radius R - { (T) ,  when the number 
of vortices in it is small, are investigated. 
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1. INTRODUCTION ducting matrix. 

The interaction of vortices with the surface increases 
the critical field for nucleation1 and produces a thresh- 
old for the penetration of the vortices into the sample. 
For bulky samples, a detailed investigation of this phe- 
nomenon raises considerable difficulties because of the 
large number of degrees of freedom. It is of interest 
therefore to consider small samples, in which the num- 
ber of vortices i s  small and it i s  much simpler to ob- 
tain physical results. At the same time, bulky samples 
always contain defects whose interaction with the vor- 
tex lattice determines the dynamics of the current 
state. Therefore the investigation of various types of 
inclusions in super conducting materials is of particular 
interest. 

We investigate below the oscillatory dependence of 
the critical magnetic vortex-nucleation field for a 
cylinder and a cylindrical pore in a superconducting 
matrix, when their dimension is of the order of the 
correlation length ((T). We investigate the penetration 
of one and two vortices into a cylinder and show that a 
first-order transition between states of different type 
is realized in this case. An expression is also obtained 
for the critical field of nucleation on a defect in the 
form of a hollow small-radius sphere in a supercon- 

The process of penetration of vortices into a cylindri- 
cal sample of radius R of the order of the penetration 
depth A,  at a large value of the Ginzburg-Landau pa- 
rameter n, was considered both experimentally and 
the~retically.''~ In the case considered by us, that of 
a strong magnetic field, the surface effects a re  large 
and lead to a qualitative change of the vortex distribu- 
tion in the sample. 

2. CRITICAL FIELD OF FORMATION OF A 
SUPERCONDUCTING NUCLEUS ON A CYLINDRICAL 
CHANNEL 

The presence of a surface increases the critical field 
for the formation of the superconducting nucleus.' At 
the same time, when the radius of the pore i s  changed, 
a discrete change takes place in the type of the solu- 
tion that describes the superconducting nucleus. For 
a pore of radius on the order of t ( T )  it is therefore 
necessary to expect an oscillatory dependence of the 
critical magnetic field on the radius of the pore. We 
confine ourselves below to temperatures close to criti- 
cal: 
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