
imately equal to one half of the halfwidth of the spectrum 
produced 0. SAX, /,/A. The aperture ratio of the appara- 
tus should be regarded as being not .less than 90%, since 
losses on reflection from a Fe-Co mirror  do not exceed 
3-5% if one takes into account the fact that the mono- 
chromator involves both a polarizer and an analyzer. 

Among the shortcomings of the apparatus one should 
include the presence of a background due to the less 
than 100% polarization of the neutron beam (Fig. 3). 
For  a line of halfwidth AX, ,/A = 2.0% picked out at the 
maximu? of the given spectrum at a wavelength of 
X = 2.59 A, the signal to background ratio is equal to 
2.5. This ratio, naturally, becomes worse if we go to 
longer wavelengths o r  better resolving power. One 
should note the presence in the spectrum produced with 
the aid of the monochromator of higher order maxima 
which spoil the shape of the line being selected. 

The monochromator described above can find appli- 
cation in experiments in which i t  is necessary to retain 

a high aperture ratio for the apparatus together with a 
good resolving power. A not unimportant advantage is 
the possibility of a smooth adjustment of the line being 
produced with respect to the wavelength by means of a 
simple variation in the value of the direct current. The 
apparatus also enables us to produce with the aid of a 
number of contacts a rapid discrete change in the re-  
solving power. 

In conclusion the authors express their gratitude to 
A. I. Okorokov, V. V. Runov, A. G. Gukasov, A. F. 
Shchebetov, V. A. Kudryashov, V. A. Noskin and P. D. 
Dobychin for d d  in this work and for discussion of re-  
sults. 
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We consider the influence of resonant electromagnetic radiation on the characteristics of light mesic atoms 
('H, 'H, 'He, and 6Li). The conditions are investigated under which the populations of the hfs sublevel 
populations become equalized in the case of linearly polarized radiation. We calculate the dependence of 
the critical external field (at which saturation is reached) on the collision and Doppler widths of the level. 
The degree of muon polarization produced when the mesic atom interacts with circularly polarized 
resonant radiation is determined. It is noted that the most strongly polarized is the muon in the mesic 
atoms of hydrogen isotopes. The effect of resonant electromagnetic radiation on the rate of nuclear fusion 
in the p d p  molecule is also considered. It is shown that the yield of the fusion-reaction channel can be 
changed by 20% as a result of this action. 

PACS numbers: 36.10.Dr 

1. It is known that a nucleus captures a muon from 
the K-shell of the mesic atom. If the nucleus has zero 
spin, then the 1s level is split by the hyperfine inter- 
action of the magnetic moments of the meson and the 
nucleus. The spin of the muon + nucleus system takes 
on two values F = j i$ ( j  is the spin of the nucleus), and 
the probability of p capture in light nuclei depends es- 
sentially on the hyperfine-structure (hfs) state from 
which the capture takes place. The presence of the 
hyperfine interaction influences also the polarization 
properties of the muon, which in turn influences the 
asymmetry of the angular distribution of the electrons 
(neutrons) produced a s  a result of the decay (capture) 
of the bound muon. t3*41 The actual magnitude of these 
effects depends strongly on the combination of the weak- 
interaction constants and the sublevel population of the 
hyperfine structure. It is therefore of interest to study 

the decay (capture) properties of the bound muon by 
varying the hfs sublevel population in a definite manner. 
A convenient mechanism for varying the population is, 
for example, the interaction of the mesic atom with in- 
tense electromagnetic radiation from a laser, at a fre- 
quency that is resonant with the hyperfine-splitting fre- 
quency of the 1s level. High-power lasers  that a re  tun- 
able in a rather large frequency range have by now been 
developed. This range includes the hyperfine-split- 
ting frequencies of the mesic atoms of five light iso- 
topes: 'H, 'H, 3 ~ ,  3 ~ e ,  and 6 ~ i .  Some characteristics 
of the indicated isotopes a re  shown in Table I. 

2. Consider a t  f i rs t  the interaction of a system of 
mesic atoms with linearly polarized laser  radiation 
whose frequency is close to the hyperfine-splitting fre- 
quency wiz (we assume for the sake of argument that 
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the level 1 corresponds to a spin F- = j - b, and level 2 
to a spin F+= j + b). The system can then be regarded 
as a two-level one, the transitions betwe_en th? hfs lev- 
e ls  beitg brought about by the operator V= - pHo coswt 
where p is the magnetic-moment operator and Ho is the 
amplitude of the magnetic component of the external 
electromagnetic radiation. Obviously, in this case the 
external field induces in the system magnetic-dipole 
transitions that a re  subject to the selection rules A F  
= 1 and Am, = 0 (m, is the projection of F on the quan- 
tization axis). 

Assume that the considered system satisfies the con- 
dition that the sum of the populations of.levels 1 and 2 
is conserved during the time interval T >> A;' (T is the 
time of action of the external electromagnetic field on 
the system and A, is the muon decay probability), with 
relaxation from level 2 to level 1 possible. It is con- 
venient to describe such a system by a statistical den- 
sity matrixcs1 whose components satisfy the following 
system of equations: 

where 

The system is characterized by two relaxation con- 
stants, y and r. The diagonal density-matrix elements 
determine the level populations, i. e., pi1 = nt and pzz 
= nz. The condition ni + % = 1 is satisfied. We put pzt* 
=Pt2= ntzdiWt, with lit,= 0. We transform the system 
of equations (I), taking into consideration only terms 
with the difference frequency Aw= w - wi2 and neglect- 
ing the rapidly oscillating terms, in analogy withcg1. 
Changing over to populations, we obtain 

It follows from the last  two equations that 

Bn2,-B'nir=i(n,-nz)rIBlz/[r2+(Ao)Z]. (3) 

We introduce the notation 

W=rl B1V2[[rZ+(Ao)' l .  (4) 

Substituting (3) and (4) in (2) we get 

203 Sov. Phys. JETP 46(2), Aug. 1977 

The quantity W has the meaning of the probability with 
which the mesic atoms go over from one level to the 
other under the action of the external field. The sta- 
tionary solution of interest to u s  can be easily obtained 
for the system (5): 

It is seen from (6), when (4) is taken into account, that 
the population difference ni - n2 is given by the expres- 
sion 

The width I? consists of the Doppler width rD, which de- 
pends substantially on the physical state of the sub- 
stance, and the width r,, connected with the rate of re-  
laxation of the upper hfs level to  the lower one. The 
constant rtz is significantly different for the mesic at- 
oms considered by us. Its largest value is for the hy- 
drogen isotopes. Owing to the collisions of the muonic 
and ordinary atoms, the width rt2 reaches values -10' 
sec-' ('H, 3 ~ )  and - 10' sec" (,H), C'ovtil which a r e  no- 
ticeably larger than the decay widths of the other mesic 
atoms (for which r i z < l  sec-I). We put for our esti- 
mates y = riz. 

We introduce the concept of the critical-field ampli- 
tude H,, defined a s  the external field intensity a t  which 
the population of the i-th hfs level differs from the pop- 
ulation reached when the transition is saturated by not 
more than 5%, i. e. , n, -4 (nt + nz) 0.05 (here i = l,2). 
Figure 1 shows a plot of H,, against rD in the case-of 
hw = 0. As seen from the figure H, assumes the larg- 
e s t  value for the mesic atoms of hydrogen isotopes. 
The reason is the relatively large value of riz. 

As already noted, the rate of capture of the bound 
muon depends on the state of the hfs of the mesic atom. 
The total capture probability is given by['' 

where A t ( j  -b) and Az(j+ i) a r e  the ra tes  of capture 
from different hfs levels. These quantities a re  known 
for the mesic atoms of 'H and 'H. Figure 2 shows the 
capture probabilities for these isotopes a s  functions of 
the amplitude of the external resonant field for different 
rD (see also L'21). It is seen that the probabilities 
change appreciably at laser  fields intensities that a re  

TABLE I. * 
Nuclear 
magnetic HYP*e 

AP!j?~), A&+v>,, 
moment sec-, 

'Li 

*The data for the table were taken 
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FIG. 2. Plot of p-capture probability in the mesic atoms pp 
and dp vs H,, at  Aw = 0 for rD= l o7  sec (solid line) and rD= loi0 
s e c t  (dashed line). 

not excessively large. They can apparently be obtained 
with modern lasers. 

3. We consider now the interaction of a system of 
mesic atoms with a circularly polarized wave of reso- 
nant frequency. 

The nuclei considered by us  have angular momenta 
j = k and j = 1 (see Table I). For the mesic atoms whose 
nuclei have spin k, the state F+ = 1 and mp+= 1 consists 
of three substates that a re  degenerate in m,. The sub- 
states with projections m,+= 1 and mp+= -1 correspond 
to the spin functions and x ~ ~ / + , / , ,  while the sub- 
state mp+ is described by a superposition of the func- 
tions Xii12 1/2 and Xt fz-ilz. The upper index of the spin 
function is equal here to the value of F, while the first  
and second lower indices denote the spin projections of 
the nucleus m, and of the meson mu on the quantization 
axis. The state F,  = 0 is also described in this case by 

0 a superposition of X! /+t f z  and X-$12 t n. 
We assume that the resonant electromagnetic radia- 

tion has 100% left-hand circular polarization. In this 
case the matrix element of the transition between the 
hfs states takes the form 

M = p H o S ( m ~ . m ~ . + ~ ) .  (9) 

We assume also that the electromagnetic transition is 
due only to  the interaction of the nuon magnetic moment 
p, with the magnetic field (since &,/.,, << 1, where CLN 

is the magnetic moment of the nucleus). It is easily 
seen that in this case the result of the action of the ex- 
ternal field on the system will be the M1 transitions be- 
tween the sublevels X! f2 and xf 12 t f2  (M= 1, Amp = 11, 
for in this case the nuclear spin projection remains un- 
changed (transition with nuclear spin flip a r e  much l ess  
probable, in view of the smallness of the nuclear mag- 
netic moment). The redistribution of the sublevel pop- 
ulations under the influence of the external field leads 
to polarization of the muon on the levels F+ and F-. The 
muon polarization on a hfs level with total angular mo- 
mentum li' is given by 

R where n,,, is the population of the sublevel with total 
angular momentum P, on which the projections of the 
spins of the nucleus and the muon on the quantization 
axis a r e  respectively equal to m, and mu. 

Estimates for the produced polarization upon satura- 
tion of the transition x ~ ~ ~ - ~ ~ - ~ ~ ~ ~ ~ ~ ~ ,  made under the 
assumption that in the absence of an external field the 
muon on the K shell is completely depolarized and that 
there a r e  no transitions between degenerate sublevels 
in the system, a re  given in Table 11. 

In the case of a nuclear spin j =  1, level F* = $ con- 
s is ts  of four sublevels degenerate in m,+. The sub- 
states with projections mp+=% and m,,= - 4  correspond 
to the spin functions Xi{$2 and X5f-tf2, the substate with 
m,+= k is described by a superposition of X:L: f2 and 

2, while the substate with m,, = - 4 is described by 
a superposition of Xi{2t12 and Xg$2. The level F-= k 
consists of a sublevel with m,, = - k (superposition of 
x L { ~ ~  f2  and Xcin) and a sublevel with m,_ =* (superpo- 
sition of X:i2112 and In such a system, the inter- 
action with an electromagnetic wave with 100% left-cir- 
cular polarization leads to saturation of the transitions 

112 x ~ - ~ ~ " ~ ~ ~ ~ ~ ~  and a\l2- 4fI2. Estimates from the re-  
sultant polarization, under the same assumptions a s  for 
nuclei with spin j = 8 are  also given in Table 11. 

4. We consider finally the influence of the resonant 
electromagnetic radiation on the rate of nuclear fusion 
in the p d p  molecule. 

It is known that the fusion reaction proceeds in this 
mesic molecule along two channels 

with respective probabilities X1 and X2. The p d p  mole - 
cule has four hyperfine-structure sublevels with total 
angular momentum J =  0 and J =  1 (two levels), and J 
= 2, the probability of the reaction being substantially 
dependent on the sublevel from which i t  proceeds. Such 
a reaction is realized in e eriment in a mixture of hy- 
drogen and deuterium gas?'  It is known that the stop- 
ping of the meson is followed by the following processes: 

P+P+PK 
d+p+dp, 

pp+d+dfi+p Or,), 
dp+p+pdp (AH) 7 

PW+P-+PPP ( A m ) .  
dp+d+ddp ( A d d ) ,  

p+e+v ( A o ) .  

TABLE 11. Muon polarization on hfs 
levels'under the influence of a reso- 
nonant field for a saturated transition. 

j=i 

Population of 
hfs levels 

n+=O, n - = l  
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FIG. 3. Diagram of the 
process of formation of 
the pdp molecule and of 
the subsequent fusion re- 

The parentheses contain the probabilities of these pro- 
cesses, and their numerical values a r e  given, e.g., 
inc'41 * 

The yields of the y photons (n,) and of the muons (nu) 
in the channels of reaction (11) per stopped meson can 
be written in the f ~ r m ~ ~ " ~ '  

where w, is the population of the molecular sublevel 
with angular momentum J; c, is the deuterium concen- 
tration; X i  and X i  a re  the probabilities of the channels 
of reaction (11) from the level with angular momentum 
J, and Xf = Xi + X2. The populations of the molecular hfs 
sublevels depend on the populations of the hfs levels in 
the mesic atom dp, which takes part in the production 
of the mesic molecule. The process of the production 
of the pdp molecule and the subsequent fusion reaction 
can be represented by the diagram shown in Fig. 3. c'23 

If we denote the sublevel populatioys of the atpm d p  
with total angular momentum F+ = z and F_ = z by n3I2 
and qlz, the population of molecular states with differ- 
ent J can be e q r e s s e d  in the form 

On the other hand, theoretical estimates a re  available 
for the rates of nuclear fusion from various sub- 
states. [''] It is assumed that the state with spin J= 2 
makes no contribution to the nuclear fusion, and from 
the states with J =  1 and J =  0 the fusion proceeds with 
the relative probabilities shown in the diagram (Fig. 3). 
Under the influence of an intense electromagnetic radi- 
ation of resonant frequency the populations nilz and n312 
become equalized in accordance with formulas (6). As 
seen from (13) and (14), this leads, in turn, to a change 

in the yield of the y quanta and the muons in the chan- 
nels of the reaction (11). Simple estimates show that 
when the ntlzv n,lz transition saturates the yd ld  of the 
y quanta and of the muons increases approximately 2% 
a t  a deuterium concentration in the Hz + D, mixture less  
than 10%. 

5. The presented estimates have shown that the ac- 
tion of resonant electromagnetic radiation on a mesic 
molecule o r  a mesic atom leads to a number of effects 
whose experimental observation can be attempted. The 
characteristics of these effects a r e  determined by the 
values of the weak-interaction constant, and therefore 
experimental investigations a re  of undisputed interest. 
In addition, these effects constitute a ra re  (if not the 
only) case when a relatively weak external field can al- 
t e r  the yield of a nuclear reaction. 

We note that the present paper dealt only with one 
population-change mechanism. There are  also other 
possibilities (the method of pulsed inversion, the method 
of inversion by adiabatic fast  passage described, e.g., 
inc'sl ), the analysis of which is beyond the scope of the 
present paper. We note also that an examination of 
these mechanisms will not lead to fundamentally new re- 
sults. 

In conclusion, it is our pleasant duty to thank L. I. 
Ponomarev and B. A. Zon for a discussion of the re- 
sults. 

'J. Bernstein, T. D. Lee, C. N. Yang, and H. Primakoff, 
Phys. Rev. 111, 313 (1958). 

'H. Erimakoff, Rev. Mod. Phys. 31, 802 (1959). 
'H. Uberall, Phys. Rev. 114, 1640 (1959). 
4 ~ .  P. Bukhvostov and I. M. Shrnushkevich, Zh. Eksp. Teor. 

Fiz. 41, 1895 (1961) [Sov. Phys. JETP 14, 1347 (1961)). 
%. S. Letokhov, Usp. Fiz. Nauk 118, 199 (1976) [Sov. Phys. 

Usp. 19, 109 (197611. 
%. S. Gerstein and L. I. Ponomarev, in: Muon Physics, ed. 

V. Hughes and C. S. Wu, Academic Press ,  New York 1975. 
?I. -T. Wang, Phys. Rev. 139, B1539 (1965). 
'A. Santisteban and P. Pascual, Nucl. Phys. A 260, 392 
(1 976). 

'w. E. Lamb, Phys. Rev. 134, A1429 (1964). 
"s. S. ~ e r s h t g i n ,  Zh. Eksp. Teor. Fiz. 34, 463 (1958); 40, 
698 (1961) [Sov. Phys. JETP 7, 318 (1958); 13, 488 (1961)l. 

"A. V. Matveenko and L. I. Ponomarev, Zh. Eksp. Teor. 
Fiz. 58, 1640 (1970) [SOV. Phys. JETP 31, 880 (1970)l. 

i z ~ .  S. Batkin, Yu. G. Smirnov, and T. A. Churakova, Yad. 
Fiz. 26, No. 1 (1?77) [SOV. J. Nucl. Phys. 26, No. 1 (1977)l. 

"v. M. Bystritskii, V. P. Dzhelepov, V. I. Petrukhin, A. I. 
Rudenko, V. M. vSuvorov, V. V. Fil'chenkov, G. Khemnits. 
N. N. Khovanskii, and B. A. Khomenko, Zh. Eksp. Teor. 
Fiz. 71, 1680 (1976) [Sov. Phys. JETP a, 881 (1976)l. 

143. J. Bleser, E. W. Anderson, L. M. Lederman, S. L. 
Meyer, J. L. Rosen, J. E. Rothberg, and I. -T. Wang, 
Phys. Rev. 132, 2679 (1963). 

1 5 ~ .  Vuylsteke, Elements of Maser Theory, Van Nostrand, 
1960. 

Translated by J. G. Adashko 

205 Sov. Phys. JETP 46(2), Aug. 1977 


