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We discuss parity-nonconservation effects in twoelectron atoms and ions, arising as the result of electron- 
electron neutral weak currents. Calculations are presented for the energy levels and transition probabilities 
for excited states of twoelectron ions, and crossing of levels of opposite parity is observed in the region of 
charge 2- 37, which is the most suitable for observation of these effects. In the vicinity of this crossing 
the quantities characterizing the degree of parity nonconservation are of the order -lo-'. 

PACS numbers: 31.90. +s, 32.70. -n 

The observation of neutral weak currentsC'' has led 
to intensive searches for electron-nuclear weak inter- 
actions in atoms. ["" All methods of detection of weak 
interactions between an electron and a nucleus in an 
atom at low energies are  based on the assumption of 
nonconservation of parity in neutral currents. The e1.e~- 
tron-electron weak interaction in atoms should have, 
apparently, the same order of magnitude as the electi?on- 
nuclear interaction. In observation of electron-elec- 
tron weak interactions it i s  necessary to consider pro- 
cesses in which the electron-nuclear weak interaction 
is suppressed. Such processes are  the emission of pho- 
tons from atomic levels which have orbital angular mo- 
menta I greater than unity. ['I 

Because of the centrifugal barrier, the wave functions 
of the electrons go to zero as Y' as r -  0, where r  is the 
distance from the center of the nucleus. The weak in- 
teraction, which does not conserve parity, has zero 
range and i s  proportional to a. p, where a is some axial 
vector composed of the spins of the interacting particles 
and p is the momentum operator. The product of the in- 
itial and final wave functions of the electrons goes to 
zero as rr l ' ' 2 ,  where ll and l2  are the orbital angular 
momenta at the beginning and end of the process. The 
momentum p removes one power of r .  Therefore after 
integration over the nuclear volume the matrix element 
of the weak-interaction potential turns out to be propor- 
tional to (~/a)'2"1", where R and a are  the radii of t i e  

with S-P transitions by at least a factor R/a- lo5, while 
the matrix elements of electron-electron transitions 
have their previous value. l' This statement remains 
valid even for  large nuclear charges 2, where relativis- 
tic effects a re  important and it i s  necessary to use Dirac 
Coulomb functions. 

The weak interaction U,, which is invariant with re- 
spect to time reversal and which does not conserve spa- 
tial parity, can be constructed only from the product of 
vector and axial currents. ["'I The electron-electron 
interaction contains only two independent relativistic in- 
variants: 

Uw=2-"Gg(y,) I(7,~r)z 
+2-"Gh(owqv) !(7,71) 2 

+(l==2), 
(1) 

where G = 1. Ox l~"m;~,  mp is the proton mass, g and h 
are certain constants, and the subscripts 1 and 2 refer 
to the first and second interacting electrons. The iden- 
tity of the electrons i s  taken into account by antisym- 
metrization of the wave functions of the initial and final 
states. 

In the nonrelativistic approximation interaction (1) 
takes the form 

U, ,  =2-"Gg(o,-oz) (v,+--v,+)+2-"G(g+h) [a, X 1 

x (vt--v,-) + (I=-2), (2) 
nucleus in the atom. For interaction with the nucleurl where vi = (pi + p;)/2m; u,, pi, and pi are the Pauli spin 
the matrix elements between S and P states turn out t.o matrices and the initial and final momenta of the i-th 
be nonvanishing as R/a - 0. The matrix elements of %the electron. The second term of (1) contributes only to the 
electron-electron interaction include integration over second term of Eq. (2), while the first  term of (1) con- 
the entire volume of the atom and do not have parametric tributes to both terms of Eq. (2). Therefore for sim- 
smallness, which depends on the magnitude of the orbital plicity we have carried out all calculations by setting 
angular momenta. Therefore the matrix elements of the h=O, g=l.  
transitions P - P, D - S, and so  forth for the electron- 
nuclear weak interaction are  suppressed in comparison In coordinate space the interaction (1) takes the form 
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FIG. 1. 

where a and Z are  the Dirac matrices. 

The simplest variant of observation of weak electron- 
electron interaction effects i s  to use atoms and ions with 
two electrons. In Fig. 1 we have shown a plot of certain 
energy levels of two-electron ions as a function of the 
nuclear charge Z. This plot was obtained as the result 
of a completely relativistic calculation employing one- 
electron Dirac Coulomb functions and intermediate cou- 
pling. The scheme of such a calculation has been de- 
scribed in detail in a previous article. ''I The ordinate 
in Fig. 1 shows the energy of the levels in atomic units, 
divided by Z and measured from the value &1(1/2)+~3(1/2), 

where &,,, i s  the relativistic Coulomb energy of the elec- 
tron in a state with principal quantum number n and total 
angular momentum j .  The levels have been classified 
by taking the limit of the transition to small Z. Parity- 
nonconservation effects are  maximal in the region of 
crossing of levels with different parities. The total an- 
gular momentum of the atom does not change when the 
weak interaction is turned on, and levels with different 
angular momenta cannot be mixed by the parity-noncon- 
serving weak interaction. Therefore the only crossing 
which i s  of interest here i s  the crossing of the 3 , ~ ,  lev- 
el with the level 3 'D, level in the region Z = 37-39 (ions 
of Rb, Sr, and Y). The uncertainty i s  due to the fact 
that we are  neglecting corrections of second order in the 
Coulomb interaction of the electrons. 

The 3,P2 level has roughly ten times greater lifetime 
than the 3 'D, level. Therefore for  reasons which we 
will discuss in detail below we shall choose the 3 'P, 
level as the object of study. The transitions to lower 
levels are  determined by the sum of the two amplitudes 
shown graphically in Fig. 2. The graph of Fig. 2a cor- 
responds to a direct transition, and the graph of Fig. 
Zb, to a transition through a weak admixture of the 3 'D, 
level. Interference of the two arnpliludes leads to ap- 
pearance of circular polarization of the radiation and 
asymmetry of the photon emission with respect to the 
initial ion spin 8. ["'I We note that orientation of the 

spins always arises when multiply charged ions are  ob- 
tained by the method of passing the beam through a foil 
whose position is determined by the pseudovector of the 
normal. 

The ratio of the amplitudes (Fig. 2b) and (Fig. 2a) 
determines the degree of circular polarization (or asym- 
metry coefficient) P, which i s  

where r,, and rD, are  the widths for radiative transi- 
tions respectively from the 3 'P, and 3 '0, levels. The 
most advantageous situation i s  when I?,, >: r,,. This 
determines the choice of the loxest level 2 ' ~ ' .  In this 
case the first graph is the amplitude of the M1 transi- 
tion, which is forbidden by spin for small values of Z. 
The second graph is the amplitude of the E l  transition, 
which i s  also forbidden by spin for 'small Z. The ratio 
of the amplitudes of these transitions i s  (rpp/rD,)'~2 
" aZ. 

In addition to the MI transition between the 3 'P, and 
2 'PI states, the forbidden E2 transition and the allowed 
M3 transition also occur; their amplitudes do not inter- 
fe re  with the second graph of Fig. 2 but must be taken 
into account in calculation of the value of P. However, 
the amplitudes of these transitions, which are  of the 
same order in the parameter a Z  (a! i s  the fine structure 
constant) as the amplitude of the Ml  transition, are  
nevertheless numerically smaller for  large values of Z. 
In fact the forbiddenness in the amplitudes of the M1 and 
E2 transitions is due to the difference of the spins of the 
initial and final states in the two cases. This forbid- 
denness i s  removed by the spin-orbit interaction, which 
allows transitions to the 2 'PI state through the inter- 
mediate state 2 The admixture of the 2 ,P, state to 
the 2 ' ~ ,  state i s  of the order ((UZ)~I/L,~- 0. 1a2Z, where 
L,, is the distance between the 2 and 2 levels (ac- 
cording to the graph in our earlier article, ts' L,' 
= 0.1~"). The amplitude of the E2 transition, which 
has the same enhancement I /L,~ as  for the M1 transition, 
is less than the MI-transition amplitude by a factor w/I, 
where w i s  the transition energy and I is the ionization 
energy. In our case w/I- 0.07. The amplitude of the 
M3 transition does not have the enhancement Z/L,~ and 
consequently i s  smaller than the MI-transition amplitude 
by a factor L,~/I. Therefore in what follows we shall 
neglect the M3 and E2 transitions. 

FIG. 2. 
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Thus, to obtain a large value of P it is necessary'41 
that the admixed level have a larger partial transition 
value than the main level (rDP >> r,). This leads to 
difficulties of observing the main transition line. In 
most experiments excitation of close-lying levels oc- 
curs with identical filling numbers. In view of the 
Breit-Wigner distribution of the radiation intensity as  a 
function of frequency, the radiation from the admixed 
level will occur also at the frequency of the main tran- 
sition. In view of the high intensity of radiation from the 
admixed level this can lead to an effective reduction of 
the value of P. In this case it  is necessary to strive for 
a low population of the admixed level. This can be 
achieved by choosing as the object of study a level with 
long lifetime; by delaying the beginning of the measure- 
ment with respect to the moment of excitation of the 
ions, this permits an emptying of the admixed level with 
an insignificant change in the population of the investi- 
gated level. ['I The lifetime of the 3 'p2 level i s  roughly 
ten times that of the 3'D2 level, which determines our 
selection. Plots of the transition probability from th~e 
3 3 ~ 2  and 3 'D2 levels to the low-lying levels are  given 
in Fig. 3. These plots were calculated by us also by 
a completely relativistic method, as described in Ref. 9. 

The probability of radiation for the transition 3 3 ~ 2  - 2'p1 has the form 

where rpp is  the transition probability in the absence of 
the weak interaction, P i s  defined by Eq. (4), n i s  the 
direction of photon emission, s i s  the photon spin, ex- 
pressed in the well known way in terms of the polarha- 
tion vector, s =i(e xe*), o r  the initial spin of the ion. 
The weak-interaction matrix element, which determines 
P in accordance with Eq. (41, is calculated in the Ap- 
pendix. For the strontium ion Sr the distance between 
the 3 3 ~ 2  and 3 3 ~ 2  levels is minimal and i s  given by 
L=6.5X 10-~rna~.  The value of the parity-nonconserva- 
tion coefficient (4) for strontium is P = 1 . 8 ~  10". We 
have also calculated values of P for smaller Z values. 
In the region far from the point of crossing of the 3'p2 
and 3 'D2 levels, the main contribution to the second plot 
of Fig. 2b is from the intermediate level 3'D2 with the 
allowed E l  transition 3'D2 - 2 'pi. In this case the ratio 

of probabilities in Eq. (4) is (I',p/rDp)'/2- (az)' and as 
a result the value P increases for small Z values to 
P = 6. OX 10" at 2 = 2 (the helium atom). 

A plot of P as  a function of the nuclear charge Z is 
given in Fig. 4. In the region of small Z, however, 
strong restrictions arise on the external electric fields, 
which as the result of Stark broadening of the lines lead 
to a reduction of P. In addition, the effect of collisions, 
which limits the density of the buffer gas, turns out to 
be important. For large Z these limitations do not arise. 

Let us estimate the measurement time necessary for 
observation of the effect. To determine the degree of 
parity nonconservation P in a transition with partial 
probability B it is necessary to record N -  B-'F' events. 
If we use an ion beam with density p traveling with ve- 
locity v in a volume V with a cross section S and length 
I ,  the number of decays N of the level in time t in this 
volume is 

where T, i s  the total lifetime of the 3 3 ~ 2  level. As a re-  
sult we obtain the following expression for the time of 
observation t: 

where 

In the case of experiments with ion we have 
v- 10' cm/sec, p- lo5 cmm3, and for our transition we 
find T- l/v. If we assume B -  this gives t - (loT/ 
V [cm3]) sec. Hence it follows that to obtain an accept- 
able observation time t - 10' sec it  i s  necessary to use a 
volume V- lo4 cm3. 

The authors are  grateful to A. N. Moskalev for nu- 
merous discussions. 

APPENDIX 

We have calculated the matrix elements of the oper- 
ator U, on the wave functions I),,,,,,. constructed ac- 
cording to jj coupling from the one-electron Dirac func- 
tions I),,,,,. To take into account the relativistic mixing 

FIG. 4. 
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of the 3 3 ~ 2  and 3 ' ~ ~  states we have used wave functions 
of a more general form 

where the mixing coefficient aj are determined from the 
condition of minimum energy. The matrix element of 
most general form for the operator U, on the functions 
q,,,,, ,,, appears as follows: 

2 ' 1,' 1 1,' 12' 1 .(k!:)( 0 o)({ :::, *\} ( j :  j , ,  * / ) ( ~ ~ ' ~ ~ ~ l  
(A. 2) 

Here we have designated by g and f respectively the up- 
per and lower components of the Dirac bispinors; the 
operators Yl, PI,. . . denote the substitution gl- fl, g; 
-A, and so forth in the integral ~ ( g , g ;  fig;) with simul- - 
taneous replacement of El, I[, . . . by i1 = 2 j1 - 11, 1; = 2 j; 
- I;, etc. in the expression for K. The operator Q, 
signifies the inverse substitution f, -g2, - 1,. The 
symbol Pat represents the operator of the permutation - I . I  n2 j,l, -n2j2 1;. In addition, we have used standard des- 
ignations for the 3 j, 6 j, and 15 j symbols. Finally, 

Equation (A. 2) can be used to calculate the matrix ele- 
ment of the electron-electron weak interaction between 
two arbitrary states of two-electron ions with arbitrary 
nuclear charge 2. 
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