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I. INTRODUCTION

Recent experiments involving the measurement of gamma rays and their
associated internal conversion electrons emitted from primary Zszdf fissibn‘
fragments have demonstrated that it is now possible to resolve discrete |
line spectra for many fragments.l Although the masses of the fragments

‘undergoing the observed nuclear transitions are simulitaneously measured
in these experiments, no direct means exists for determining their atomic
numbers. It may be possible, however, to aséertain the atomic number of

' the specific isotope responsible for many of the nuclear transitions by
correlating gamma-ray and internal conversion electron energies, the differ-
ence in these two energies being equal to the electron binding energy.

It has long been known that primary fission fragments are formed in

high states of ionization.z ‘Due to the large velocities attained by

. fission fragments (~ 109 cm/sec) immediately upon fissioning, they are
unable to carry along many of their outer orbital eleétrons and hence
‘become highly ionized, Measurements of 235U fission fragment initial ‘

; ionic charges have indicated thét states of ionization ranging from +20
to +2L4 are commonly attainéd,3’h' Since the electron binding energies -are
directly affected by the state of ionization in an atom, it therefore
becomes important;to know how the electron binding energies vary as a
function of ionic charge before attempting to determine the nuclear
charges of fission fragments on the basis of electfon binding energy
measureﬂents; For this reason, we have undertaken to calculate the - |
binding energies of several atoms which span the region of'ZSZCf fission
products (namely Sr, Pd, Xe and Sm) as a function of ionic_chargepl

Qualitatively, the effect on the binding energiés of stripping a

‘number'Of outer electrons from a neutral atom may be understood by

picturing the electronic charge as residing on concentric .spheres cen-

tered about the nucleus. Fig, la illustrates the repulsive potential
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: dun to ‘the electron shells whlch would be felt hy a test. charge as if
e vas brougat tovard the nucleus of such an atom.  Before the first shell '
'h:of charge is reached, y.e potenslal is given by 38 ez/r, lAs this shells'
is penetfated, its contribution to the potential becomes a.constant Cl.
';andvfhe further increase is due to the remaining charge 36e. TheArepulé.

lfsive potential COntinues to increase in the same fashion until the K

(’ff shell is penetrated at which point, it becoumes conSUant The attractive

'potenclal on the other hand, 1s given by °8 e /r and is due to the

nuclear cnarge " By add1ng these two potentials, the blndlng potentlal 1s"5

1_obta1ned and this potentlal estebllshes the blndln“ energles of the

c]varlous electrons. v

- In Fig. 1lb are shown “the same potentials for a st*ontlum atom with

“‘«1ts tro outervelectron shells stripped. It is seen that the net: effect v
7:;5 to lower the binding potentiel_by thevamount Cl + Cg"vlt.ls expected,

"then”'that‘fhe binding energies of an ionized atom will be higher than

'-'those of a- neutral atom and furtnermore that these increases in b1nd1nc :

}energles should be nearly the same for all occupied orbitals of the ion.

IT. DESCRIPTICN OF CALCULATIONS

The blndlng energy calculatlons were carrled out using a computer

>

employing a non= -relativistic

.Hartree-Fock self-consistent field (SCﬁl method. The prbgram utilizes - -'L

ﬂ”ian'LCAO expansion procedure developed by Roothaan

In:applying the LCAO method, each orbital @, is expanded in terms- of"

- a given set of suitable basis functions XP. Advantace is taken of the

symmetry Dropertles afforded by Roothaan's open -shell formulatlon Wﬂlch

"A’permlts the orbitals to be grouped in sets, each set transformlng Lnder B

symmetry operatlons accordlng to an 1rredu01ble representatlon of the
symmetry group Hence each occupied orbital of a given spe01es and
_subsp°c1es is constructed from a llnear combination of the basis orbltals

+ of the same spe01es and suo;pec1es such thac

~, Y V]
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-where the basis functions are given by

XoT:0.0) =By (2) ¥, (0,0) . (2)

/ .
The indices i\ and DNOL are analogous to the quaﬁtum numbers nlm used
to specify hydrogen-like wave funcfions. The radial parts of the basis
functions used in the computer brogram are normalized Slater-type func-
tions given by

' -2 n 4+ n <l -t T
Rp(F) = (2m, ) - (¢, ) Mg AP e . (3)

In brief, the computational process starts with a set of trial wave
functions of the typé given in Eq; (1). This requires input estimates of
the Slater orbital exponents gkp and the vectors EXi' Using the basis
functions, the integrals7 entering the Hartree-Fock ‘Hamiltonian are
calculated,'and an lterative process entered into in which the eigen-
vectors are solved for repeatedly until the inpuﬁ and output vectors agree
within a certain threshold, The iterative schemes used in the program to’
obtain'convergent solutions from as few successive iterations as possible
are described in detail by Roothaan and Bagus.

The basis functions are optimized by the variation of the Slater
orbital exponents. The method of variation involves complete SCF calcu-
lations of the total energy for a series of values of the orbital expo-
nent in question. An extrapolation is then performed to obtain the value

-of the orbital exponent which minimizes the total energy.
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IIT. RESULTS OF CALCULATIONS

The X binding energies were obta Lned oYy computlng the total energjes
of'both*thé ion in question and of the ion with one-ls electron removed.'
" The differépce between thése tWO'comnuted'total enefgies then, is'the_K
binding.energy of the ion, In all caseo, the total energies were calcu-
- lated with minimal basis éets (one basis functlon for -each occupied.

orbital) using fully optimized orbital exponents. '
v - The K blndlng energles for the neutral atoms are well known 8,"The
K blndlng energies for the 51ngle electron atoms (1on1c charge of Z-1)

are easily calculable from the Sommerfeld relativistic hydroven atom -

equation9 given by

g . . 2nue gi{lﬂLazzz( 1 __3__}
Byl h2> nf U m {j+3 In
M}.,2 a z
N M a L
*1,0 ChRm(Mm 2 [lf r] ;- %)

where o is the Sommerfeld fine structure constant and R@ is the Rydberg
constant for an infinitely heavy nucleus, Inserting the appropriate

values, this equation reduces . to

1,0
By cdmparing thévcalculated values for the neutral and single electron
cases with the values obtained from Ref. 8 and Eq. (5), the error in the
calculated values was found to range from 1,8% for strontium to L.9% for
samarium, This error was attributed to calculatlonal error arising from
the use of mlnlmal basis sets, and to correlation and relativistic¢ energy

effécté not taken .into consideration by the computation.

The relative error was very nearly the same for both the neutral and

the single-electron cases, On this basis,'the relative error in the cal—l

culated values was assumed to be constant with respect to jonic charge
state and a linear adjustment was made on all calculated K bvinding energy
‘'values such that the two extremes of ionic charge states (neuﬁral and

Singlé,electron) agreed with the values obtained from Ref. 8 and Eq. (5).

E. = -13.606 x 1073 2% [1 + 13.31k x 10™° zz) KeV . (5)

'v
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These values were then plotted as a function of ionic charge and a smooth

)

curve was fitted tnrougn the points., The adjgsted K binding energy
curves for Sr, Pd, Xe and Sm are shown in Figs. 2, 3, L and'5; réspec-. ‘
tively. These curves are believed to be accurate to *0.07 keV. Similar-
curves are given in Figs. 6 and 7 for the adjusted 2s and 2p binding.
energies as a function of ionic charge, The values of the single orbital
eigenvalues. (orbital enérgies) were taken as the unaaguoted binding

energies of all orbitals other than the 1s orbitals (Koopman's theorem™ ).

.For completeness, the unadjusted orbital energies for the rest of the

eleétron orbitals in the atoms considered are listed in Table 1.
Using the results of the binding energy calculations on Sr, Pd, Xe
and Sm, we determined an empirical formula for computing the K binding |

energies of atoms from Z = 34 to 2 = 66 in any state of ionization:

- el -az - -.'.
Ei_on = Eneut. 1+ 7 {—'Z—) e ERE (6)
where Eion = K binding energy of the ion
Eneut. = X binding energy of the neutral atom
Z = atomic number »
n, = ionic charge of the ibn
a = 1,8484 x 10~ (emplrlcal constant)

The function f(ne/Z) is a seventh-degree polynomial in (n /Z)3/2

’ (%;)=£§£ ck[(—§)3/2}l{ ! - | . (7)‘.

where

-10.28

C, =.-0.6131- . Cg = 14,88
c3 = L, ool _ . Cg =.-11.55 |
~ 3.861 .

QO
1t
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Equation 6 reproduces the binding energy curves of Figs. 2 through 5 with
a maximum deviation of #0.04k keV for all states of ionization exceEE_fhe

single electron state which is easily calculable from Eq. (4). -

IV. DISCUSSION

The calculatedlK and L electron binding energies as well as the Ko

X-ray energies for the neutral atoms and for“the probable ionic charge

states formed in the épontaneous fission of 252Cf are listed in Table 2 .and

the X binding energy increase is'plotted.aS'a function of atomic number
for these charge states in Fig. 8. Based upon the available measurements
of ionic charge states of fission fragmeﬁts, we have esﬁimaﬁed the most
probable initial charges for Sr, Pd, Xe and Sm fission fragments arising
from the spontaneous fission of 25Zcf to be 421, +23, +2h and +26 respec-
tively. It is interesting to note in Fig,. 8_that the present calculations
yield K binding energy increases of approximately 0.9 keV (A Eéve = 0.93
keV) for each of these ions and hence tend to indicate that this increase
is nearly conétant over the whole region of fission products.

Recently, determinations of the distribution of huclear charge
formed in fission based upon measurements. of K XFray energies have been
fepoited by Glendenin and Griffinjfl and-by Kapoor, Bowman and Thompson.
These studies have raised the question of whether or not the effect of
ionization on the X-ray energies may be neglected. The present calcula-
tions indicate, as méy be seen from Table 2,_thatvthe Ko X-ray energies
of typical fission fragments are shifted by 50-ev or less."Hence, the,.
neglect of corrections for the efféct of ionization in the above—mentioﬁed
experiments was indeed Jjustified. - - _

In Fig. 9 is shown a plot of the relative increase in-K’binding
energy versus the relative ionization for Sr, Pd, Xe and Sm. On the
enlarged section of this figurevare shqwnfseveral“experimehtally measured
energy shifts made in conjunction with a recent study of the fissioﬁ
fragment conversion electrons._l3 'The horizontal error bars repreéent
the statistical uncertainty assoéiated with the energy determination and

the vertical error bars extend over an arbitrary 1 charge unit on either

sidé of the_estimated-fragmeht ibnic charge.  Although the points for Z=Lk :

and Z=56 tend to indicate somewhat lower ionic charges than expected,
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AN

the measurements are too rough to use for anything’other than an illus-
tration of experimentally‘observed tinding energy shifts, ’(A nunber

of experimental uncertainties may have contﬂlbuued a significant amount
of systematic error to these measurements ) -

It is interesting to note that utllwzatlon of the blnclnc energy
shifts experilenced by atoms as a result of ioniZation or perturbation of
their outer electrons has already been reported by Hagstrom, Nordling
and iegbahn s in determinations of chemical valence states. They have
detected K binding energy shifts between the O and 4+ and the O and 6+
| valence states in sulfur of 4.3 ev and 5.5 ev respectively with an
accuracy of 0.2 ev.

Concelvably, the relatively large shifts in binding energies between
adjacent charge states in highly ionized fission fragments (~ 70 ev)
éould be used to study in detail,the'distribuﬁion of ionic charge resul-
ting from fission. Hypothetically, intefnal cbnversion electrons arising
from nuclear transitions offer a direct means of méasuring these binding
energy shifts, The application is obscured, however, by a number of
experimental difficulties stemﬁing from the fact that the fragments are
traveling at relatively high velocities which for any single isotope méy '

vary by as much as 15%.
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.\ FIGURE CAPTIONS

Idealized.electrOStaﬁié potential énergy'diagram for a)'a

neutron.étrbntium atom b) a strontium +10 ion.

Célculated K»bihdihg enérgy of a‘étronﬁium atom as a function
of its jonic chargé, | v “ |
Calculated K binding enefgy of a palladium atom as a function
of its ionic charge. V  _ ' '
Calculated K-binding enefgy,of avxenon atom as a funcﬁion of its
ionic charge. | '
Calculated K binding énergy of a samarium atom as a function of
its ionic charge, - | - '
Calculated L binding énergies of a strontium énd palladium atom.

as a function of their ionic charges.

' Calculated L binding energies of a xenon and samarium atom as a

function of their jonic charges,
The calculated increase in K binding energy for several probable

fission fragment ionic charge-states as a function of nuclear

: éharge. The dashed line indicates the approximate constancy

of the K. binding energy increase for the probable charge states

of +21, +23, +24 and +26 spanning the whole region of 252¢r fission

product'isotopes. _
Comparison of the relative increase in K binding energy as a

function of total ionization for strontium, palladium, xenon and

" samarium, Enlarged section contains several experimentally

measured points taken frcm Ref., 13.

T
——
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Table 1, Calculated orbital energies (keV).
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‘Strontium 3s 3p 3d ks Ly 5s
' Sr Neutral  0.347 0.280 0.132 0.048 0.028 0.00k
sr*8 0.hTh 0.407 0.260 0.150
520 0.996  0.933
Palladium . 3s 3p 3d hé hp ha
P4 Neutral 0.628  0.537 0.335 0.081 . o.bso' 0.005
pa*10 0.83  0.7h7 0.5k 0,272 0.237
pat18 1.085 0.998 0.800
pa*28 1.717 1.642
Xenon 3s 3p 3d Ls Chp ha 5s 5p
Xe Neutral 1.058 0.948 0.690 o,zod ©0.157 0.067 0.022 0.010
xet® 1.169 1,059 0.802 - 0.309 0.265 0.175
xet18 1.512 1,402 . 1.145 0.5% 0.548
xe 20 1,845 1.739 1.489
xe+30 2.628 2.543
Samarium 3s 3p 3d Ls Cbp ha 55 5p
,sm+86 1.739  1.608  1.293  0.83  O.ke7  0.302  0.163 0.1k
ot 1.920 1,791 - 1.479  0.655 = 0.599  0.k76
snt20 2.381 2.255 1.984 1,029 0.970
sm*3" 2.79%  2.673  2.37% |
st 3.729  3.638
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 Table 2., K, L and KX energies for Sr, Pd, Xe-and Sm
~ fission. fragment ions. '

' Electron Binding Energy (keV)

K-a X-Ray

- Sr

S

1s 28 2P | Energy (keV)

Sr Neutral 16.11 2.21 1.97 1h.1k
srte0 16.9% 3.02  2.76 14.18
srt?t 17.02 3,10 2.8 14,18

ez 17.10 3,18 2.92 14,18
Pd Neutral ’ 2#.35 - 3.61 3.26 21.09
pa*e2 25.22 b9 414 21.08
pate3 25.30 I.57 4,22 '21.08
pa*2* '25.39 4.65 4.30 21.09
Xe Neutral .58 545  h.oh 29,6l
xet23 ‘3.2 6.25 5.7k 29.68
xet2t 35.49 6.32 5.81 29.68
xe*%2 35.56 6.38. 5.88 29.68
Sm Neutralr 46 .86 T.74 7.02 39.84
et 4767 8.51  7.80 39.87
Sm+22 7.7 8.51 7.8 39.89
su*? ‘y7.81 °  8.63  T.92 39.89
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