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RESUME 

L'idGe de fibres 2 neutrons, p r n p s k  dans un ar t ic le  rken t ,  e s t  

pass& briSvement en revue. De nowedux rgsultats sont pr6sent6s1 en parti- 

culier sur: (a) les  fibres aimantes, (b) les  modes de propagation dans des 

fibres circalaires hcmqBnes (limites sup&ieures sur leur nombre, approxi- 

mations quasi-classiques), (c) sur l'absorption des neutrons par l es  noyaux. 

ABSTRACT 

The physical possibility of neutron fibres, proposed in a prariaus 

paper, is reviewed briefly. F'urther p s s i b i l i t i e s  and results are reported 

specifically abut :  (a) magnetized fibres, Cb) propagation modes in hano- 

geneous circular fibres (upper bunds on their nurker, guasiclassical apprcoL 

mtions) , (c) neutron absorption by nuclei. 

1. SUMMARY QF ~ O U S  mRK 

In ill, we have conjectured the possible confined propagation 

of thennal neutrons along cylindrical solid (non-hollowf fibres of small 

cross section, made up by certain elanents (Ti, Mn, . . .) such that the 

overall amplitude (b) for the lowenergy nuclear s ca t t e r iq  of neutrons 

on t h e n  be negative. In [l], rrmong other topics, we studied specif i d l y :  

(if ~ t r i c a l - o p t i c s  descriptions ard procedures for  confin_ 

iq natrons, 

(ii) the possibility that  Ti  fibres (whose length be af;out 5 
to 40 cm.) could have applications for slow neutron radiotherapy, 

(iii) the (rather theoretical) possibility that fibres made 

up by magnetically saturated Co could propagate fully polarized neutrons, 

wen i f  their length muld be rather limited by the relatively large neu_ 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1984341

http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:1984341


C3-244 JOURNAL DE PHYSIQUE 

tron absorption by Co. The neutron wavefunction J, &) for a confined propa 

tion mode with enerqy E in a solid f ibre a l o q  the z-axis fu l f i l l s  the 

Schroedinger equation b=natran mass, H=PlanckV s constant, % (5, z )  , F 

- -151) : 

w i t h  V (z) = 0 outside the fibre. For a hcmcgeneous f ihre having p nuclei 

p r  unit volun?e, the p t e n t i a l  "seen" by the neutron inside the f ibre is 

[2] ~ 6 )  = 2 ~ ~ ~ p h - l ~  b (Re b O )  beinq the natran-nucleus scattering a m p l i  

M e .  bhen la t t ice  periodicity is taken into account, V(jZ) inside the f i -  

bre is  to be replaced by the standard sum of F'ermi pseudoptentials [3]. 

In [I], ws also studied: 

(iv) the neutron propagatian d e s  J, for hancgeneous fibres 

with circular cross section, withcut or with nuclear absorption, 

(v) the effects of la t t ice  periodicity, without nuclear ab- 
sorption,upon the propagation mdes, namely, wide all& ard d l  for- 

bidden bands for the neutron along the fibre. 

2. MAQEPIZED FIBRES FOR CONFINED PROPAGATION QF NEUmONS 

Magnetized fibres should satisfy m e  reasonable canditions: 

(i) They should be ferrcwagnetic or, a t  least, ferrirnagnetic , 
so that  in the ordered s ta te  they have a mn-vanishing netmgnetization, 

which should l i e  along the f ibre axis: if possible, their Curie tanperature T 
should l i e  well above ordinary temperature (so that their eventual use be 

not restricted to l o w  temperatures) and they should be magnetically satu-, 

rated. ii) I f  possible, the (real part of the) overall nuclear scatterincj 

amplitude, b, should be negative, and, anyway, i f  b denotes the net 
-9 

magnetic scattering amplitude (see chapter 6 i n  [4]), then a t  least (the 

real partof)one of the two amplitudes &b has to be negative. 
-g 

( i i i )  The overall linear absorption coefficient ~1 for neutrons 

bee Table 6 in [4]) should not be large, in order to avoid an excessive 

nuclear absorption. If anly one of the a.plitudes e b  is negative, then 
m g  

t h e  confined neutrons propgating along the f ibre wuld be ful ly polarized, 

while i f  b t h  are negative, neutrons w i t h  different polarizations wuld 

propagate with different propagation constants (birefringence). H e r e  , FR 
shall concentrate on fibres containing Mn. One interesting possibility fe 
f i l l ing  a l l  t h e  above requirgnents aid be a f ibre made up by the ferri- 

mgnetic cmpund q N .  In f a d :  

[i) The unit c e l l  in  a magnetized sample of -m4N has a net mg- 

netic moment of 1.2 Bohr mgnetons [5] and Tc h 4 N )  = 743 OK [6]. 



( i i )  By using Table 2 in [4] , one finds 4b h) + b (N)=-0. 5x10~'~ 

an., so that confined neutrons with both spin projections could propagate 

in a ccmpletely unmagnetized Mn4N fibre: m o r e o v e r ,  the magnetic scattering 

q l i t u d e  per unit cel l  correspondjw t o  a net magnetic manent of 1.2 Bohr 

mgnetons equals 1 . 1 ~ 1 0 - ~ ~  an. and, hence, it exceeds the net (negative) 

nuclear mnplitude per unit cell, so that confined neutrons could propagate 

in a MnqN fibremagnetized along the z-axis only when their spins are ant; 

m a l l e l  to the net magnetization. 

( i i i )  Since u (N) = 0 (Table 6 in [P] ) , the overall linear ab- 

sorption ccefficient for Mn4N is detennind by that of Mn (u (nm) =O. 6 an-') , 
h i c h  i s  not large. Fibres made up by the caqxmd Mn2Sb would provide 

amther possibility: 2 b k )  + b(Sb) = -0.18xl0-~~cm., so that the net nu- 

clear amplitude i s  negative. The ferrimagnetic structure of Mn25b [7'] leads 

to a net mgnetic manent of 1.74 Bohr magnetons per unit cell: then, the 

net magnetic scattering amplitude per unit cel l  is 1.6  x 10-12cm. A s  

(sb) = O  .1 an-', the werall  linear absorption coefficient of w2sb i s  not 

w e .  

Finally, fibres made up by materials which becane antiferrmas 

netic below the Nee1 t apxa tu re  (with vanis- net magnetization) could 

also allow for confined propagation of neutrons, provided that their 

a l l  nuclear amplitudes be negative and their werall  linear absorption 

coefficients be not large. Same examples are: (i) Mn S, where b h ) + b  (s) = 

= -0.05 x 1 0 - ~ ~ c m . ,  a rather small value, and p (s) = 0.011, ( i i )  a -m- 
ganese. 

3. PROPAGATION N E S  I N  HOMOSENEOUS CIRCULAR FIBF?ES: FURTHER FESULTS 

For a hancgeneous circular solid fibre of radius R without nu 

clear absorption (m b = 0) , in cylidrical  polar coordinates (r, $, z) , 
the propagation modes read Ji (z) = gmk)exp i CBZ + M+) , WO, 21, 22, . . . , 
11=1,2,. . . , B  being the real propagation constant. The numk.r of bund sta_ 

tes of a quantmechanical spinless particle of mass m in a tm-dhensig 

~1 a z h t h a l l y - w t r i c  potential V ( r )  w i t h  M # 0 i s  less or equdl 

than (2/~1)-'2m g2 Jmdr.r / r i ( r l  1 .  TNS uppes bound can he proven by a- 
0 

tendkg directly to the two-dimensional case the proof of BargmaM's 

three-dimensional bound (see, for instance, [q). For the actual V(r), 

and by including a factor 2 to c m t  both neutron spin projections, the 

abwe bound yields the following Ixxlnd on the ntimkr of neutron propa- 
2 gation modes N(M) with M # 0: N(M) 5 I M [ - ~ . ~ I T R  PC-b). That is, there my 

2 be neutron propagation modes if  [ M I  2 2sR p (-bl: M and there i s  none, 

certainly, if M I  >M-. For typical values p=1022~clei/an3, -b10 -12 

2 3 an., 2 n ~ ~ = l 0 - *  to 10-7 an . , me finds M-=J.o~ to 10 . 
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By applyirig 'be quasiclassical quantization conditions for 

the bound state energies in tw-dimensicma1 potentials [9], one gets 

the dispersion relation bemeen E and 6 for the neutron propagation m- 

des with given M # 0 (w2~ -g2 = -x2, q ( ~ 1  = [4np (-b)-~?'/~, n=1,2,.,): 

which can be expected to hold for ~ ~ 0 ' ~  can. In 

m, the numkr of propagationmodes with given M # 0 can be obtained, 

in quasiclassical appraximation, £ran (2) : 

with I M I  (R.q (0) . A factor 2 has been included to count neutrons w i t h  

bth spin projections. 

4. CONFIN33 PROPAGATION AND NUCLEAR ABSORPTION I N  FIBRES: rmRTHER REWBKS 

-Let us recall that in a hollow neutron guide having rectangular 

cross section of inner dimxsions arb  the neutrons penetrate a distance 

d.100 into the inner walls [lo]. Then, a very rough way of estimatirq 

the r adiative neutron c a p a e  by nuclei in solid fibres having, say, cir_ 

cular cross section of radius R, consists in imposing that 

P (sf) urn k f )  nR2 22 (a+b) d arc P (kg) ,where arc (hg) (u_ (sf ) i s  the (suit - 
ably averaged) cross section for gadiative ~apture  of thennal neutrons by 

the nuclei making up the inner walls of the _hollow guide (the solid _fibre). 

P (hg) , p (sf ) are the average numbers of nuclei per unit volume for the Qol- 

la* guide w a l l  anc%&xe, respectively. For typical. values a+b- 20 to 25 an. 

and .fp (hg) u_ Rg)] /[urc (sf) p (sf )l =lo-' t o  1, e see that the fibre radius Ls 

~ = 1 0 - ~  to  4x10-~ cm. A sanewhat snaller value of R could, then, reduce the 

radiative neutron capture ard, hence, the resulting T-ray flux, in  solid 

fibres. 

-We shall cansiuer briefly the nuclear absorption effects on the 

anfined propagation modes for nwtrons in semiinfinite fibres made up by 

perfectly crystalized lattices. The lat ter  have cross sections Q in the 

5-plane and extend £ran z = 0 up to z = +m. Now, vG) = V(Z,Z) is the stan_ 
dad  sum of a l l  Fermi pseudopotentials centered a t  all lattice p i n t s  in- 

sidethefibre,  s o t h a t V ( ~ , z )  = V ( z ,  z+llZ3l), z>O, 1=1,2,3 ,..., la31=a 
king the 5mhtenta.l translation vector along the fibre (2-1 axis. Since 

nuclear absorption is allowed, b 1s carq?lex, with Re b<O, Im b<O. In this 

case, the neutron propagation mcdes $ satisfy Fq. (1) and bear the form 

$6) = exp igz .U (x, z) , where the quasimmntum 6 i s  canplex (Im g chard5 



terizing the attenuation along the fibre) and U (x, z) vanishes for F 151 + m 

and is periodic in  z with period la3 1 .A direct generalization of the W e 1  

qments in [I] , section 4, yields the exact representation: 

For any pair of functions U1, U2 which vanish quicklyasr-.@ adareperiodic 

in z, with period : 
- 

a = \ a  1, we have defined (U U ) = J ~ Z ~  J: dz U l ( ~ . z ) + ~ 2 ( ~ l z ) l  the 
3 1' 2 

x-integration being extended over a l l  tm-dimensional space. Since Im b i s  

rather small  [2], the replacanent of U in the right-hcudside of Eq. (4) by 

the propagation d e s  uCO) ( 5 , ~ )  which correspnd to solutions of Eq. (1) 

with Im b = 0, Im V = 0 seems justified: this yields an approximate -re2 

sion for Im B to f i r s t  order i n  Im b. As a simple application, m? assume 

a fibre of circular cross section (radius R) and we recall that ell inside 

an all& bmd for the neutron along the fibre, the propagationmdes re- 

duce, as a f i r s t  approximation, to those for the corresponding hcancgeneous 

fLbm [I], so thar u(') ( x , r ) -  - exp i(sz/lajl).exp i~+.g(r), s and M being 

integers and g (r) being a suitable Bessel (Hankel) function for r<R(r>R)  

(see [I], subsections 3.2 anl 5.3). Then, it is easy t o  see that, unc le r  

those assumptions am1 approxirrations, the values of Im B for the periodic 

semiinfinite fibre and for the corresponding hancgeneous one (given in I>], 
section 4) coinczde. Eq. (4) also provides a basis for studying othes ca- 

ses and for imprwenents. 

-AS discussed in [4] (sections 2.2 and 2.4), the negative value 

of the -all anplitude b for the scattering of neutrons by nuclei a t  

thermal energies, Eth, is to be associatd to the presence of sane resonance 

levels a t  Eres (>>Eth) SO that the attractive (negative) resonant ampli- 

tude predaninates over the repulsive (positive) purely potential scatter* 

mplitude: for instance, scattering resonances occur for Mn a t  E ~ 0 . 3  and res 
2.4 Kw, . .  . A look a t  the standad meit-Wigner formula wuld suggest that 

such a predanimnce and, hence, the negative character of the overall nu- 

clear amplitude b and the possible existence of confine5 propagation of 

neutrons in fibres made up by Ti ,  Mn,... should also be valid for neutron 

energies E in sane rarge El< E<E2, whwe E1<E*<E2<Eres. This fact may be 

interesting for those possible aplications (like neutron radiotheram) 

where i s  no need that the neutrons propagating along the fibre be rnonochrohro 

m t i c  . 
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Notice that the absorption cross section of neutrons by Ti and 

other intermediate nuclei, which decreases proportionally as  the wavelenqth 

does (see pages 122 and 139-140 in L4j )  , may become smaller for neutron ener- 

gies somewhat above the thermal range. However, the neutron energy should be 

kept smaller than about 1 eV, i n  order not to have a large reduction i n  the 

thermal neutron flux coming from a reactor, and not t o  prduce damage to  the 

crystal l a t t ice  of the fibre. 
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