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1. Wikipedia Exotic atoms: http://en.wikipedia.org/wiki/Exotic_atom
2. The strange world of the exotic atom: Physicists can now make atoms and molecules containing negative particles other than electrons, and use them not just to test theories, but also to fight cancer 

http://www.newscientist.com/article/mg12717284.600.html
The variational principle is applied to a single muon 
orbiting a heavy nucleus .

The nuclear radius is       R= ( 1.4E-15)*atweight**(1./3.)

which is later converted to electron units. The muon mass 207 * m(electron).

The potential inside the nucleus is 

      Vint(x)=(z*x**2)/(2.*R**3) - 3.*Z/(2.*R)    x ≤ R   (1)
and outside  
 vout(x)= -Z/x.                         x≥ R                            (2)

The energy with a point nucleus is  -207.*z**2/2. As we see below the finite potential at the uniform charge distribution of the nuclei entails a considerable energy correction, upwards( see the plot).

The horizontal line is equal to -207.*z**2/2.
Our trial wave function is

ψ (r)  = ( α 3/   π )1/2 exp( - α r)                               (3)

The energy functional  is,

E(α) = α2 /2  + < ψ  │Vint │ψ >  + < ψ  │Vout │ψ > . (4)
We chose Z=92  and atomic weight =238.

The results are that the ground state energy for the point nucleus is

≈ -9e 5 (au)   while the muon with finite size nucleus has an

 energy ≈ -4e 5 (au)   .

The FORTRAN CODE employed is given below.
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ehydrog,R, xf= -876024.  0.0339398123  5.

 elescale,emuscale (joules)=  4.36501968E-018  9.03559056E-016

  alfa,     E(point nucleus),   E (electron units) =

       0.46000E+01    -0.87602E+06    -0.84661E+05

       0.57486E+01    -0.87602E+06    -0.10463E+06

       0.68971E+01    -0.87602E+06    -0.12405E+06

       0.80457E+01    -0.87602E+06    -0.14286E+06

       0.91943E+01    -0.87602E+06    -0.16105E+06

       0.10343E+02    -0.87602E+06    -0.17858E+06

       0.11491E+02    -0.87602E+06    -0.19544E+06

       0.12640E+02    -0.87602E+06    -0.21160E+06

       0.13789E+02    -0.87602E+06    -0.22706E+06

       0.14937E+02    -0.87602E+06    -0.24180E+06

       0.16086E+02    -0.87602E+06    -0.25583E+06

       0.17234E+02    -0.87602E+06    -0.26912E+06

       0.18383E+02    -0.87602E+06    -0.28168E+06

       0.19531E+02    -0.87602E+06    -0.29351E+06

       0.20680E+02    -0.87602E+06    -0.30461E+06

       0.21829E+02    -0.87602E+06    -0.31498E+06

       0.22977E+02    -0.87602E+06    -0.32462E+06

       0.24126E+02    -0.87602E+06    -0.33355E+06

       0.25274E+02    -0.87602E+06    -0.34176E+06

       0.26423E+02    -0.87602E+06    -0.34926E+06

       0.27571E+02    -0.87602E+06    -0.35607E+06

       0.28720E+02    -0.87602E+06    -0.36218E+06

       0.29869E+02    -0.87602E+06    -0.36761E+06

       0.31017E+02    -0.87602E+06    -0.37237E+06

       0.32166E+02    -0.87602E+06    -0.37646E+06

       0.33314E+02    -0.87602E+06    -0.37990E+06

       0.34463E+02    -0.87602E+06    -0.38269E+06

       0.35611E+02    -0.87602E+06    -0.38485E+06

       0.36760E+02    -0.87602E+06    -0.38638E+06

       0.37909E+02    -0.87602E+06    -0.38730E+06

       0.39057E+02    -0.87602E+06    -0.38760E+06

       0.40206E+02    -0.87602E+06    -0.38732E+06

       0.41354E+02    -0.87602E+06    -0.38645E+06

       0.42503E+02    -0.87602E+06    -0.38500E+06

       0.43651E+02    -0.87602E+06    -0.38298E+06

       0.44800E+02    -0.87602E+06    -0.38041E+06

       0.45949E+02    -0.87602E+06    -0.37728E+06

       0.47097E+02    -0.87602E+06    -0.37362E+06

       0.48246E+02    -0.87602E+06    -0.36943E+06

       0.49394E+02    -0.87602E+06    -0.36472E+06

       0.50543E+02    -0.87602E+06    -0.35949E+06

       0.51691E+02    -0.87602E+06    -0.35376E+06

       0.52840E+02    -0.87602E+06    -0.34753E+06

       0.53989E+02    -0.87602E+06    -0.34081E+06

       0.55137E+02    -0.87602E+06    -0.33362E+06

       0.56286E+02    -0.87602E+06    -0.32594E+06

       0.57434E+02    -0.87602E+06    -0.31780E+06

       0.58583E+02    -0.87602E+06    -0.30920E+06

       0.59731E+02    -0.87602E+06    -0.30015E+06

       0.60880E+02    -0.87602E+06    -0.29065E+06

       0.62029E+02    -0.87602E+06    -0.28071E+06

       0.63177E+02    -0.87602E+06    -0.27034E+06

       0.64326E+02    -0.87602E+06    -0.25954E+06

       0.65474E+02    -0.87602E+06    -0.24832E+06

       0.66623E+02    -0.87602E+06    -0.23667E+06

       0.67771E+02    -0.87602E+06    -0.22462E+06

       0.68920E+02    -0.87602E+06    -0.21216E+06

       0.70069E+02    -0.87602E+06    -0.19930E+06

       0.71217E+02    -0.87602E+06    -0.18604E+06

       0.72366E+02    -0.87602E+06    -0.17239E+06

       0.73514E+02    -0.87602E+06    -0.15836E+06

       0.74663E+02    -0.87602E+06    -0.14393E+06

       0.75811E+02    -0.87602E+06    -0.12913E+06

       0.76960E+02    -0.87602E+06    -0.11396E+06

       0.78109E+02    -0.87602E+06    -0.98409E+05

       0.79257E+02    -0.87602E+06    -0.82494E+05

       0.80406E+02    -0.87602E+06    -0.66213E+05

       0.81554E+02    -0.87602E+06    -0.49572E+05

       0.82703E+02    -0.87602E+06    -0.32572E+05

       0.83851E+02    -0.87602E+06    -0.15218E+05

FORTRAN CODE

c muonic atom with finite size nucleus //psi=(a**3/pi)^.5 * exp(-a*x)

      real massmu ,masse ,k

      data z ,nstep, iter / 92.,2000, 70/

      data atweight/  238.     /

      data h,k,q,masse/6.63E-34,9.0e9  ,1.602e-19, 9.11e-31  /

      Vint(x)=(z*x**2)/(2.*R**3) - 3.*Z/(2.*R)

      vout(x)=-Z/x

      psi(x)=sqrt(alfa**3/pi)*exp(-alfa*x)

      f1(x)=psi(x)**2*x**2*4.*pi*vint(x)

      f2(x)=psi(x)**2*x**2*4.*pi*vout(x)

       pi=2.*asin(1.0)

       massmu=207.*masse

       hbar=h/(2.*pi)

       elescale= masse*k**2*q**4/hbar**2

       emuscale=massmu*k**2*q**4/hbar**2

c R nuclear radius in meters , then scaled to the muonic length

       R= ( 1.4E-15)*atweight**(1./3.)

       R=R*massmu*(k*q**2)/hbar**2

       xf=5.

       ehydrog=-207.*z**2/2.

       print*,'ehydrog,R, xf=',ehydrog, r, xf

      print*,'elescale,emuscale (joules)=',elescale,emuscale

      print*,'  '

       alfa=.05*z

       alfa2=85.

       dalfa=(alfa2-alfa)/float(iter)

       dxint= R/float(nstep)

       dxout=(xf-R)/float(nstep)

      print*,' alfa,     E(point nucleus),   E (electron units) ='

      print*,'   '

       do 10 ia =1,iter

c  calculates <psi/vint/psi>    and <Psi/Vout/psi>

c Use Simpson's integration

      sum1=0.

      sum2=0.

      do 20 iv=1,nstep,2

      xint=dxint*float(iv)

      xout=R+dxout*float(iv)

      sum1=sum1+(dxint/3.)*(f1(xint-dxint)+4.*f1(xint)+ f1(xint+dxint))

      sum2=sum2+(dxout/3.)*(f2(xout-dxout)+4.*f2(xout)+ f2(xout+dxout))

20    continue

      E= alfa**2/2. + sum1 + sum2

      print 100, alfa,ehydrog, E*207.

      alfa=alfa+dalfa

10    continue

100   format(2x,3(4x,e12.5))

      stop

      end

