Lawrence Berkeley National Laboratory
Recent Work

Title

HYPERFINE STRUCTURE AND NUCLEAR MOMENTS OF PROMETHIUM -147 AND PROMETHIUM
-151

Permalink

https://escholarship.org/uc/item/3103c4tx

Authors

Budick, Burton
Marrus, Richard.

Publication Date
1963-04-15

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3103c4tx
https://escholarship.org
http://www.cdlib.org/

UCRL-10375

|| ~ University of California

| Ernest O. Lawrence
lll  Radiation Laboratory

| e . R
TWO-WEEK LOAN COPY
I This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
" Tech. Info. Division, Ext. 5545
N\ _J
HYPERFINE STRUCTURE AND NUCLEAR MOMENTS
OF PROMETHIUM-147 AND PROMETHIUM-I5I

Berkeley, California




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



(

Rept. submitted for pub. in Phys. Rev, UCRL.~10375

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley. California

Contract No, W-7405-eng-48

HYPERFINE STRUCTURE AND NUCLEAR MOMENTS OF
PROMETHIUM-147 AND PROMETHIUM-151

Burton Budick and Richard Marrus

April 15, 1963



-iii- UCRL-10375
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Burton Budick and Richard Ma.rrus
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ABSTRACT

The atomic -beam magnetic -resonance method has been used to

measure the hyperfine structure of the 6H7/2 level in two promethium

147y _ 4y

and I(Pmlsl) = 5/2, The electronic splitting factor (gJ) has been mcasured

isotopes. The spins of these isotopes have been verified to be (Pm

for the 6H7/2 level and is found to be gy = -0.8279(4), in good agreement
with the predicted value, The hyperfine constants and the nuclear moments

'inferred’from them are found to be

447.19.3) M |B| = 267.5(70.8) Mc  B/A <0

for Pm!*7; |A| =
el = 3.23) om lel= o.73)b Qfp >0}
and |
for PmlSl; |al = 358(23) Mc |B| = 777(94) Mc B/A <0
I l= 1.8(2) nm lel= 1.93)b Qfp >0.

The nuclear moments are corrected for the breakdown of Russell-Saunders

coupling.v The stated errors include uncertainties in the fielde at the nuclgﬁs
arising from errors in the value of <l/r3> and the neglect of core polariza-
tion on the xﬁagnetic hyperfine structure, Corrections due to the Sternheimer

effect have not been includsd, The :neasurements are shown to be consistent
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147

with the hypothesis that Pm is not highiy deformed and can be understood

151

from the shell model, but that Pm is highly deformed and must be

ihterpreted by the collective model,
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Hyperfine Structure and Nuclear Moments of
Promethium-147 and Promethium-151%

Burton Buc_lick* and Richard Marrus

Lawrence Radiation Laboratory
University of California
Berkeley, California

April 15, 1963
INTRODUCTION

‘It is an experimentally well-established fact that collective effects
become important in nuclei for neutron numbers N greater than about 88,
The consequences of collective motion for the nuclear moments of a pair of

isotopes can be very striking. An example, pertinent to our experiment, is

151 153

the moments of Eu and Eu with neutron numbers 88 and 90,

respectively. For Eu153, which is highly deformed, the spectroscopic

quadrupole moment is about twice that of Eulsx. Moreover, the measured

153 151

magnetic moment of Eu , and is

is considerably less than that of Eu
one of the rare examples of a magnetic moment that lies in the ‘wrong
Schmidt groﬁp. 1 | |

For the pair of promethium isotopes under investigation here, the .-
neutron nuﬁbers are 86 and 90, Part of the theoretical incentive fér this
work was to attempt to establish the onset of collective effect;s for N greater
than 88 as valid .for the isotopes of promethiuxh. That our results ax;e
strikingly similar to those found in europium will be seen shortly.
| Earlier work on these isotopes had already established the spins and

147

parities of the nuclear ground states. The spin of Pm had been showmz

151 45 be 5/2. 3 If the nuclear core is unmodified by

to be 7/2 and that of Pm
the addition of neutron pairs, the spins of a set of odd-Z isotopes should
remain unchanged, Hence, the change in spin can be interpreted as evidence

for the onset of collective motion.
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Many workers have investigated the beta decay from the ground state
of promethium=-147 and have assigned positive parity to this state. The

151 151 has

population of the energy levels of Pm by the beta decay of Sm
been investigated bsr Schmid and Burson, 4 They assign positive parity to the
Pm151 ground state, In add.ition, they find evidence for the existence of a
rotational band among the observed levels if it is assumed that the ground
state is characterized either by K = 1/2 or 9/2. In view of the subsequently
measured spin and the gpergyolevel scheme of Mottelson and Nilsson, this
conclusion seems aubious. 5 Chéry has aiso assigned the parity of the
promethium-151 ground state as pbsitive on the basis 6f an exte:nsive invesati-
gation of the beta decay fr.om the- ground‘s.tate. 6 In our subsequent discussion

of the nuclear moments of mel

» we will assume the positive parity'
assignment by these workers. | |

Further theoretical incentive for tfxis work comes frori{x the recent
calculations by Judd and Lindgren for the electrénic splitting f.a.c-tors g3 of
the low-lying levels t};at arise fromithe configuration (4£)n in the rare
earths, 7 Including Spin-orbit,‘ relativistic, and diamagnetic corrections, they
obtain for the J = 7/2 level of the promethium ground term gy = -0.8275. A

precisé determination of the gJ w)a.lue of this state will, therefore, serve as

a check on the parameters they use to characterize the electronic state.

BEAM PRODUCTION AND DETECTION

Promethium«147 is a fission product and can be readily purchased in
the form of the chloride in curie quantities, 8 a spectroscopic analysis and a

pulse-height spectrum showed that some shipments of Pm were contaminated
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with americium-24] and isotopes of sarnariumn, I-onxre\;ez', neither of these
could confuse the Pin results,

The chemistry used to produce a beam of atomic 'promethium is
straightforward, An excess of nitric acid is added to 1 curie of the chloride
and the nitrate product is reduced to about 1 ml, This is pipetted into a
sharp-edged tantalum crucible apd slowly heated to 700° F to form the oxide. .
To con;rert the oxide to the metal, a reducing age.nt is added and the crucible
is heated in the atomic-beam oven. In this experiment both misch metal and
carbon were tried, each with partial success; in the later stages of the work
misch metal was used exclusively, A really satisfactory beam was never
achieved, and in order to obtain a signal-to-noisez ratio of 1:1 it is necessary
to employ beam intensities at the detector of the order of 5000 counts/min.

Promethium-151 is produced by neutron irradiation of natural
neodymiuml metal, The material is bombarded for 4 dé.ys at a flux of 9 X 1013
at the GE reactor in Vallecitos. This bombardment yiefds approximately

equal curie amounts of PmlSI, Pmmg. and Nal?7

and gives rise to a large
background from the undesired isotopes. Another source of background comes
from atoms in the J =5/2 ground electronic level, so that the signal-to-noise

151“ is no better than that for PmM?

ratio for Pm . Unfortunately, the
elécgronic moment of atoms in the J =5/2 leirel is too small for the magnets
to deflect thermn around the stop wire. They are therefore useless for
hyperfine~sgtructure measurements,

Promethium beams érejdetécted by collection on freshly flamed

platinum foils which are counted in Geiger counters, The collection efficiency

of platinum for promethium is greater than 25 % and is highly reproducible. |
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EXPERIMENTAL METHOD AND OBSERVATIONS

Our measurements were all performed by use of the atomic-beam

9

method of Zach’arlias. In this scheme, transitions are observed between

hyperfine levels whose high-field magnetic moments are eqtial and opposite

F

for the hyperfine structures of Pm

and for which AF =0, #1; AM_ =0, #1, In Fig, 1, schematics are shown

147 (1=J =7/2) and Pmbdl (7 = 7/2; :

1= 5/2), It is ;seen tfmat for both isotopes there are four transitions of the

type AF = d, AMF =+ that satisfy the high-field selection rule aé well, The
transition in the highest F states is labeled a, the next B, and so on,
The_sé fraﬂsiﬁbhs were each observed at several values of the.magn‘etic field,

Sample resonances for Pm147 151

are shown in Figs. 2 and 3, and for Pm
in Fig. 4.
| The ob.sexv'ved field-dependent data can be analyzed by a Hamiltonian

- of the form

'_ . B . --»;-b 2 —..-cb
JC-AT 3+ TR (5 ) (3T« T)° + 3/2(1 J? |
' | (1)

'I(I + l) J(J + l)] - ngo—f ¢ ﬁq

where A and B are the magnetic-dipole and electric-quadrupole hyperfine
constants, respectively. In this analysis, the quantities A, B, and gy are
treated as parameters, and a least-square fit to the data is obtained. The

method is described elsewhere, 10 The values obtained for the data are

147

for Pm " ': |A|=447(9) Me, |B|=26771) Mc, and g; = -0.8283(4);

H

151: -0.8272(7) .

for Pm |A| = 358(22) Mc,  |B|=778(93) Mc, and g;
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From these we obtain gy = -0,8279(4) as the weighted mean,

Wii}h these values of the hyperfine constants, the theoretical‘fre.quen- .
cies have been calculated from the Hamiltonian (1), These are compared with
the measured frequencies in Tables I and II, The stated errors in the quanti«
ties represent standard devi:'a.tions. |

The promethium«147 used in these experiments is guaranteed by the '
supplier to be the stated is‘otope. There are, however, independent checks on

147

its identity, That there is Pm present is shown by the measured 8y and

J wvalues, Of the promethium isotopes that are fission products only one

(Pm“‘?

)} has a half-life greater than 53 h, The half«life of our sample is
known to be much greater than 53 h, The promethium-151 is identified on the

basis of the method of production and the measured half-life,

CALCULATION OF THE NUCLEAR MOMENTS -

In order to infer the nuclear moments from the measured hyperfine
structure it is necessary to make some assumptions about the electronic struce
ture of the promethium ground state., As a first approximation, it is assumed
that the level under consideration arigses from pure Russell -Saunders coupling
among tﬁe electrons of the configuration (4£)5' to the Hund's-fule teﬁn.
6H7/2- Strong support for this assu%xmption comes from the small discrepancy
between the measured gy value of -0.8279 and the 83 value of -0,8250
predicted from pure Russell -Saunders coupling., The expressions for calculat- ‘
ing the magnetic-dipole and electric ~quadrupole fields at the nucleus for the
11

. Hund'’s-rule term have been given elsewhere, We state here the results
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<H4> = «7.49 o <1/r3>4f
| and : | | (2)

(ay) = = (/%)

The expressions used for the fields at the nucleus are such that the hyperfine

coupling constants are given by A =- I'.IT <HZ> by s B = .o’ <qJ> Q. |
The question of the appropriate value of <1/r3> for 4f electrons

hag received considerable attention in the literature, An early attempt was

12 Bleaney showed that

made by Bleaney for the triply ionized rare earths,
a hydrogenic expression for the spin-orbit coupling energy could reasonably
fit the measured energies, These were then used to calculat‘e values for
<l/r3>. More recently Judd and Lindgren have developed a set of modified
hydrogenic functions.? The parameters are chosen to give agreement with

3+ and Tm>', and with the spin-

self-consistent field calculations for Pr
orbit splitting constants of several of the rare earth atoms., The values ob-
tained in this way for triply ionized atoms are found to be about 25 % smaller
than those of Bleaney. Lindgren has used these values to redetermine all
rare earth moments inferred from hyperfine -structure work, The latest

13 These

attempts at <l/r3> calculations are those of Freeman and Watson.
authors have performed Hartree calculations for rare earth ions, »ancii fouhd
that their values differ considerably from those of Judd and Lindgren and are
within 5% of I—?-Ieainey's. They note‘that in principle the Hartree <1/r3>'s
are more suited to evaluating nuclear-moment data, This follows frém the
fact that an effective <1/r3> is used in determining the modified hydrogenic

function, whereas the actual <l/r3> comes into the nuclear-moment calcula«

tion,
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Recently, rare~earth magnetic moments have been directly

143, Er169, Tmlég, and Y‘bln. The values obtained for

measured for Nd
erbium, tliulium, and ytterbiur.n all lie within 5 % of the moments inferred
from hyperfine data, obtained by using the <1/r3>4£f values of Lindgren,
However, the ground configurations of these elements are (f)lz, (f)l?’. and
(f)14, fespectively, and they co.nstitute the last three elements in the

lanthanide series, The ground configu‘ra.tion of Pm is (f)5 and lies closest

to Nd, which is (f)4. Recently, I-Ialfordw has completed a measurement on
143)3+

(Nd and finds a magnetic moment close to the prediction by Freeman
and Watson, but it differs from Lindgren's prediction by more than 15%. This
is substantially greater than the 5 % uncertainty that Lindgren assigns to his
{l/r3>'s. The situation at present seems to be that Lindgren's <1/r3>4f
values work well for the heaviest lanthanides, but they do not give agréemeht
with Nd, which ié in the early part of the rare earth groupv.

In our calculations we use Lindgren's value of "<1/r3> for promethium
and incorporate his estimated uncertainty of 5% into ouf error, However, we
note here some concern that 5 % may not be a realistic figure, When this is

147,

done, we find for the nuclear moments of Pm" " : My = 43,19 nm and

151: iy = +1.82 nm and Q =+1.9b,

147

Q=+0,7b; and Vfo'r Pm

is in good
15

The value obtained for the nuciear moment of Pm
agreement with a value of +3.0 nm obtained by paramagnetic resonance.

There is a discrepancy, however, with a value reported on the basis of optical

16

spectroscopic measurements, More recent measurements on the optical

spectrum of promethium-147 lead to the suggestion, however, that the earlier

optical spectroscopy results may have been in error, 17
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We now consider possible effects that could give deviations frorn the
values quoted above. There is, first of all, a perturbation due to the spine
orbit interaction which leads to the breakdown of Russell -Saunders coupling.
Such a perturbation has the effect of causing the g3 value to deviate from
the Russell-Saunders value,

In first-order perturbation theory, the spin-orbit interaction admixea

4 level, There are four possible 4G terms

the ground level with the "G

7/2
. that can be formed from the configuration (f)s. These may be distinguished
from one another with the help of group theoretical methods and the separations
calculated, 18 To find the linear combination that corresponds to the lowest

elgenvalue, the matrix of the Coulomb interaction within the ‘lG terms must

be diagonalized, This gives
]467/2~> - 0.484|*G(z211) (20)>?~ 0.129]*at211) (21))
-0.117|*ct211) (30) ) - 0.471 | *ct111) (20))

As a first approximation to the electronic wave function, we may let

¢ = {1 -az 1_/2 |6H7/2>+ a|4G7/2>

and adjust a to give the measured g; value. In this way, ‘we find a = 0.137,
With this va.lué, the correction to the magnetic field at the nucleué is of order
a and can be evaluated by spherical tensor methods, It is found that the

19

correction to the magnetic moment is 2%, The correction to the quadrupole
field is of order o,2 and is accordingly neglected,
We now consider the core-polarization correction to the calculated

moment, This arises from the existence of unparied s electrons due to
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exchange interaction with the valence electrons, It has been.observed in atoms
having half-filled closcd shells, e.g,, N, Mn, and Am. Bleaney has

argued that core-polarization effects in the triply ionizéd_ rare earths are

small, and estimates that it is about 2,9% for triply ionized promethium, 12

For the free atom, core polarization also includes contributions from a 6s

electron pair. We can estimate the 6s effect in praseodymium from the

141

values ohtained for a, . in stable and triply ionized Pr""", Let

4f

Y 24t e A |
<1/r3> b3t 21/r3> Pr I%A. S s

The a_4£'e are experimental quantities derived from the measured hyperfine

structure, without including bossible core~-polarization effects, Hence the
quantity A will be a measure of the degree of 6s core polarization, For Pr
we obtain A =1,4%. The 6s effect in promethium should not be substan-

tially different, and it is felt that the correction to the moment should not be

greater than about 5%, This has been incorporated into the uncertainty,

- DISCUSSION

‘ A : 5
A comparison of the measured moments of P1n¥47 and of Pm} 1

.yields two important qualitative points. Firstly, the quadrupole moment of

151 147
m

and cannot be inte rpretéd

P is considerably larger than that of Pm

by any reasonable single-particle model. Secondly, the magnetic moment of

15 147

Pm 51 is‘considerably smaller than that of Pm and lies in the wrong

Schmidt group. As noted in the introduction, both these effects are observed
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151 v 153

in a comparison of the momants of the isotopes FEu and ITu . They can

be easily explained by the assumption that the nuclear core ¢f the promethium
isotopes becomes deformed for PmlSl, and are strilking confitrmatién of the
hypothesis of a transformation of nuclear shape above N = 88,

T]f;at a deformed nuclear core can give large quadrupole moments is
obvious, That nuclear moments can lie in the wrong Schmidt 3roup for de -
formed nuclei can be understood by recopnizing that the interaction of a
deformed core with the odd nucleon is noncentral, Iience the orbital angular
moraentum, ?, is no longer a good quantum number, and can take on all odd
or all even values less than or equal to N, the total oscillator quantum
number, However, the projection of the total single-particle angular momen-
- tam on the axis of nuclear symmetry, £, is a good quantum number, and it
is equal to A + X, the surn of the projections on the symmetry axis of the
orbital and spin angular momentamn. Hence the wave function for a nucleus of
given spin and parity in general contains sorne states with § = A + 1/2 and
some with © = A' = 1/2, and can therefore lie in either the Schmidt group or
between the Dirac lines. The actual location of the moment on the Schmidt
diagram depends on the other parameters that define the state,

Let us now c.onsider the .specific possibilitieé for the state assign-
147 if
147

ments, From the shell model we can predict the spin and pa.x'ity of Pm

v

the odd proton-is assigned to the g7/2 level, The quoted moment of Pm
lies just above the Dirac line; however, it is within the stated uncertainty of
the Schmidt group. The quadrupole moment can be calculated from the assump-~

, ‘
tion of three J = 7/2 holes coupled to a spin of J = 7/2, Using <rn“> = Rg A2/3

with RO =1.2% 10_13 crn, we obtain @ = 40.09 b, This is considerably smaller

than the measured quadrupole mornent, and conceivably is due to configuration
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- mixing or small deformations of the nuclear core, Tixel only other shell-
model state likelyv to contain the 61 st proton is ds/?‘, but thig is not
allowed because the configuration (d5/2)3 coupling to I.‘=_7/Z' N forbidden
by the Pauli principle,

151

On the assumption that the nuclear core of Pm is highly deformed,

there are two possible state assignments for the 61 st proton that give the |
correct spin and parity. When the notation of Mottelson and Nilsson is ﬁaed, 5
these are 5/2 + [413] and 5/2 .-“%»[402]. We have calculated the nuclear
moments of these states for different values of the deformation parameter §.
The value obtained for the level 5/2 + [402] is about 3.7 nm and is insensitive
to the deformation. The level 5/2 + [413] gives a moment of 0.91 mh with a

- deformation parameter of § = 0.4. This is in better agreement with the
meésured value and seems to us té be the proper state assignment. Thé

collective -model value for the quadrupole moment can be obtained from the

expression

KA Lqr+ 1y -
bl T ] . (4)
O (1+1)(21+3)° ‘

- where Q'= 4/5 ZRzﬁ . Using these expressions, we obtain for the qixadrupole

0
moment Q = +2.1b. The theoretical sign of Q/u is positive, which agrees
with the sign iﬁférred from the data. |

The authors are happy to acknowledge the ass‘istanc‘e of the Health
Chemistx.'y Division of the Lawrence Radiation Laboratory, In particular, the
aid of Homer H. Adams, Robert E, McCracken, Kaye R, Voice, and
Paul E, Van De Mark was invaluable in the bandling of samples and in the

scheduling of bombardments, One of us (B. B.) is grateful to the University of

California for the award of an Abraham Rosenberg Research Fellowship,
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Table 1. Summary of observations in PmM?.

H v(exp) ‘Residuals

{gauss) Transition (Mc/sec) © (Mc/sec)
20.75 e 12.06 ~ ~ +0.009
38,24 = a 22,28 40,035
71.63 . e 0 aLes +0,006 - -
117.68 a © . 69.025 . +0.008
117.68 p 69.30 20,009
159.55 B 94.49  .0.018
159.55 Y 95, 0 -0.031
159.55 a 93.99 +0.021
238.62 a - 141.68 +0.001
238.62 B 142.88° © 40,012
234,51 Y 141,475 -0.031
320.0 5 194. 36 +0.057

350.,0 5 213.60 -0.008
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Table II. Experimental results for Pm“l;

H - v{exp) Residuals
{gauss) Transition (Mc/sec) (Mc/sec)
40,00 a 27,148 +0, 002

40.00 B 28,675 . -0, 012
60.00 o 40, 830 +0, 008
60,00 8 43,120 -0. 012
60.00 Y 47,135 +0, 021
85.00 a 58. 050 40,037
85.00 B 61,275 -0, 009
85.00 Y 66.875 -0, 021
125.03 a 85.750 -0. 011
125,03 B 90,575 +0, 001
125.03 Y 98. 790 +0. 008
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FIGURE LEGENDS

Fig, 1. Hyperfine-structure diagrams (schematic) for PmM?-arid ”Pmlm.

Fig., 2, Transitions in Pm“?.

Fig. 3. Resonance in Pml47.

Fig. 4. Transitions in PmlSl.
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Hyperfine structure of Pm'*? (schematic)
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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