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ABSTRACT. The distribution of S!Cr and 2T recoil species following radiative-neutron capture in
chromates, dichromates, iodates and periodates has been investigated by wusing paper-electrophoresis.
In view of the effective recoil energy and the effect of the internal conversion, it is unlikely that an

atom which has captured a neutron can remain bound in its original molecule. It is also unlikely

that the energy of the recoil atom is dissipated in heating a small region of the crystal, However,
the results of paper-electrophoresis separation of recoil *!Cr and %[ indicated that many more of the
recoil atoms were bound in the parent molecule. The disorder model for the reaction was proposed.

from observations of retention: In considering cations, the greater their radii, the higher is the pro-

bability of the recoil atom breaking through the secondary cage. In ammonium salt, the ammonium

ion behaved as a2 reducing agent in the disorder zone and resulted in low retention. Crvstal structures
with their greater free space have shown low retention.

fraction of the total radicactivity found after the
INTRODUCTION irradiation in the same chemical form as the
target substance. The mothods of investigating
retention depend on the determination of the final
products by means of radioactive atoms, and do

The most characteristic quantity associated with
the chemical effects of nuclear transformations in
solid compounds is retention. Retention is .the
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not provide any information on the nature of
the primary recoil fragments. Therefore, the
studies of these prrcesses are confined to measure-
ments of retention and of its denendence on various
factors which are concluded from experimental
results on retention in various chemical systems.

For the chemical nature of the recoil atom,
Libby! proposed the ligand loss model based on
the hypothesis that central atoms of complex ions
in (n, y) reactions lose some of their ligands.
Aliller?,
and Cairns® suggested that the kinetic energy

For the isotopic efect, and Thomson
liberated in the (»,7) process is removed from
the tecoil zone through focussing collisions in
close—packed crystalline solids. However, if inter-
nal conversion occurs a long time after the kinetic
energy has heen lost, the mode of kinetic energy
dissipation is of importance to the excitation and
ionization in influencing the chemical form of
the stabilized recoil.
the influence of the jonic radii of cation on re-

For the effect of cations,

tention in hexachloroiridates was investigated
by Heine and Herr®. They found that the higher
stability of the complex compound increases the
disintegration and decreases the retention. Har-
bottle and Satin® suggested that in ammonium salts
and in hydrated salts, ammonium ion and water
molecule behave as reducing agents in the hot zone
and result in low retention, For the effect of the
crystal structure, the initial retentions of monoclinic
and triclinic potasstum dichromate were found to
be 82. 4 and 89. 5% respectively®. A differemce of
initial retention between « and f crystals of
metal phthalocyanine was investigated™10

This research has heen concerned with the
chemical consequences of neutron capture in ch-
romiam and jodine oxygenated salts; chromates,
dichromates, iodates and pericdates. The distri-
bution of SCr recoil species following radiative-
neutron capture in Na,CrQy, K.CrQ,;, Rb.CrO,,
NaxCr0;, KiCrfO7, (NH)Lr07, RbyCriOr,

AgCrQ;, and "1 recoil species following radi-
ative-neutron capture in KIO; RBIO., NalQ,,
KIO, has been investigated. The influence of the
ionic radii of cations, and the erystal structure on
retention in neutron—irradiated chromates, di-
chromates, iodates and periodates was investi-
gated.
EXPERIMENTAL

Chemicals. Sodium chromate, potassium chro-
mate, tubidium chromate, sodium dichromate,
potassium dichromate, ammonium dichromate,
rubidium dichromate, potassium iodate, rubidium
iodate, sodium periodate and potassium periodate
were used without further purification on account
of guaranteed reagents. Silver dichromate was
prepared according to recognized method taken
from the literature!’. All other reagents used in
the chemical procedure were of A. R. quality.

Neutron Irradiation. Chromates and dichro-
mates were put in a polythene snap-closure capsule
and irradiated in a thermal neutron flux of approx.
103n/cm?/sec at the rotary specimen rack,
TRIGA mark Iil reactor. Iodates and periodates,
put in a polythene snap-closure capsule, were
irradated in a thermal neutron flux of approx.
10" n/cm?/sec by means of a pneumatic tube
at the TRIGA mark III reactor.

Neutron-irradiated samples were stored for a
certain period of time to allow decay of sodium-—
24(t=15. 0 hrs. ), potassium-42(t}=12. 45 hrs. )
and rubidium-86 (t13=18.7 d.). After decay,
chromates and dichromates were dissolved in
0. 1 M hydrochloric acid solution, and iodates and
periodates were dissolved in 0.1 M sodium hy-
droxide solution.

Paper Electrophoresis. Paper-electrophoresis
apparatus consists of a vertical paper-electropho-
resis tank(45x 21 %15 cm}, Shandon Co., Lon.
don, and a power supply, up to 1000 volts.

The strip of Whatman No. 1 filter paper, 38
cem long and 2. 5cm wide, was wetted in a solu-
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tion of 0.01 M hydrochloric acid for chromates
and in a solution of Q.01 M
sodium hydroxide for iodates and periodates. A
portion of 10 lambda of the radioactive solution
was applied at the fiducial point of each strip as
.a spot by using a lambda pipette. The strip,

and dichromates,

placed on the nylon thread, was dipped at .its
-end and positioned in the electrophoresis tank
«containing about 800 cm® of electrolyte, 0.01 M
HCI or 0. 01M NaOH, into which were dipped
platinum electrodes. The electrodes were con-
‘nected to the d. c¢. power supply and a potential of
600 volts was applied for a certain period of time.
After the electrophoresis run was over, the strip
‘was removed from the electrophoresis tank, dried,
and cut into pieces of one centimeter length,
The radicactivity of each paper strip was mea-
:sured by a Nal(Tl) well-type gamma scintillation
.counter, The activity on the strips was checked
by using a Packard model 7201 radiochromatogram
:scanner without cutting them into pieces, and the
radiochemical purity was determined by using a
Hitachi model 400 channel analyzer.

RESULTS and DISCUSSION

Identification of Recoil Species

The nature of the recoil species in condensed
'states remains unknown in detail, largely because
of the short~lived nature of the compounds and
atomic states remaining after the recoil. One
difficulty is the actual impossibility of observing
the original atom, since the methods of investi-
gation involve dissolution of the sample under
observation and subsequent chemical processing.
The species observed are those remaining after
some vigorous changes have occurred in the phy-
sical and chemical surroundings of the recoil atoms.
Another difficulty in tracing all the reactions
arises from ‘the fact that the number of atoms
produced in nuclear reactions is too small for
ordinary chemical detection and investigation.
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Although it is often possible to detect such atoms
and to investigate their chemical behavior by
their radioactivity, all the non-radioactive, highly
energetic atoms, molecular fragments, ions and
radicals formed in nuclear processes escape direct
observation. Also the influence of lattice defects
formed in solids by the nuclear recoil process can
hardly be detected by indirect methods.

The typical paper-electrophoresis histograms of
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Fig. 1. Paper—electrophoresis histogram of neutron-
irradiated Na.CtO,, dissolvedin 0.1 M HCL
Paper wet with 0. 01 M HCl. Irradiation time,
1 week. Running time, lhr at 600V.

=
L

oy

I P TS TS RS TR S R S U 2 4 3] o 012

|4:anmee From stariing poing .
Fig. 2. Paper-electrophoresis  histogram of neutron-
irradiated K,CrO,, dissolved in 0.1 M HCIL
Paper, wet with (.01 M HCL Irradiation time,

1 week. Running time, 1hr at 600 V.
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Fig. 3. Paper-electrophoresis histogram of neutron-
irradiated Rb,CrO,, dissalved in 0.13f HCL
Paper wet with 0.013 HCL  Irradiation
time, 1week. Running time, 1 hr at 600V.
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Fig. 4. Paper-electrophoresis histogram of neutron-
irradiated Na,Cr,0,, dissolved in 0.1 M HCIL
Paper wet with (. 01 M HC. Irradiation time,
1 week. Running time, 1hr at 600 V.

neutron—irradiated Na,*'CrQy, K, CrQ,, Rb,3Cr-
04, NaP'Crq, KP'Cr0r, (NH,)SCr,0;, Rby-
51Cry0; and AgS'Cr,O; are plotted in Figs. 1,2,
3,4,5,6,7 and 8. The whole of the chromium-
51 radioactivity appears vin three peaks on the
electrophoresis paper, one of which has migrated
towards the anode, another migrated towards the
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Fig. 5. Paper-electrophoresis histogram of neutron--
irradiated K.Cr,0., dissolved in 0.1 A HCIL
Paper wet with 0. 01 2 HCL. Irradiation time,
1 week. Running time, 1hr at 600 V.
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Fig. 6. Paper—electrophoresis histogram of neutron-
irradiated (NH,).Cr,Q; dissolved in 0,1 M
HCL Paper wet with 0.01 3/ HCL [rradia-
tior tirae, 1 week. Running time, 1hrat 600 V.

cathode, and other remains almost at the starting
point. The major part of the activity migrates
about 6~8cm from the origin towards the anode:
—Species(I). The smaller part of the activity
migrates about §~10cm from the origin towards
the cathode—Species(II}). A considerable amount
of the activity remains at zero point as a neutral
species—Species(III}. The actual migration distan-
ces fluctuate slightly from experiment to experi--
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Fig. 7. Paper-electrophoresis histogram of neutran-
irradiated Rb,Cr,Q;, dissolvedin 0.1 M HCL
Paper wet with 0.01 Af HCl.  Irradiation time.

1 week. Running time, 1 hr at 600 V.
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Fig. 8. Paper-electrophoresis histogram of neutron—
irradiated Ag,Cr;0;, dissolved in 0.1237 HCL
Paper wet with 0.01.M HCL Irradiation
time, 1 week. Running time, 1hr at 6({.

ment prohably because of temperature differences
and changes in the amount of electrolyte solution
carried by the paper. Species(I) is identified as
the parent ion, CrO2* or Cri0:%*, because its
rate of migration is identical with that of a
known sample of chromate or dichromate ions.

Species(II}) corresponds to Cr®* ion, which was
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Fig, 9. Paper-electrophoresis histogram of mneutron-~
irradiated KIO,, dissolved in 0.1 Af NaOH.
Paper wet with 0.01 M NaOH. Irradiation
time, 2minute:, Running tima, } hr at 600V.

10, 00 Cornnorate

h

Thatamre drn 21art rg juing. e,

Fig. 10, Paper-¢lectrophoresis histogram of neutron-
irradiated ¥RbIO,, dissolved in 0.1 M NaOH.
Paper wet with 0.01 M WNaOH. Irradiation
time, 2minutes. Running time, 1hr at 600V.

formed by breaking the Cr—O bond. The mig-
ration distance of Cr" cation was determined by
the paper-electrophoresis on chromium (IlI) chlo-
ride solution. Species (FII) at the origin repre-
sents either a very insoluble compound, Cr4O;,
or less likely a polynuclear species, (CriOs).-
The typical paper-electrophoresis histograms of
neutron-irradiated K'?610;, Rb1#I0,;, Nal*I0O,
and K120, are plotted in Figs. 9,10,11, and
12. The iodine-128 radioactivity appears in two
peaks towards the anode on the electrophoresis
paper, except one peak for Na'2l0; and three
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peaks for K20, including unknown cationic
species. The major part of the activity migrates
about 8~10cm from the origin, and the smaller
part of the activity about 16~18cm. To deter-
mine the recoil species, paper—electrophoresis
strip of non~irradiated Na] was measured for
iodine-131 radioactivity, and the paper-electro-
phoresis strips of non-irradiated KIO; and KIO,
were irradiated. The peak at about 8~10cm is

identified as the parent ion, I0;™ or IO~ and the
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Fig. 11. Paper-electrophoresis histogram of neutron-
irradiated NalQO,, dissolved in 0.1 NaOH.
Paper wet with 0.01 M NaOH. Irradiation
time, 2 minutes, Running time, lhr at 600 V.
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peak at ahout 16~18cm as the iodide ion, §-.
Recoil Reaction
Recoil Erergy. The prompt gamma spectra
from radioactive capture of thermal neutrons have
been determined'®'3, If the whole of the gam-
ma ray energy emitted in an (2,7) reaction is
concentrated into a single gamma ray of energy
E_(in MeV), then an atom of mass M(in a.m.
u. ) recoils with energy E.(in eV) given by
Ez2
E=280r
The recoil energy available for bond rupture,
E;, depends on the type of bonding and on the
distisbution of mass in the molecule. In oxvgen-
ated salts, the recoil energy available for bond
R/R+ M, where
Af is the mass of the recoiling atom and R the

rupture depends on the ratio,

rest of the molecule. The effective recoil energy
1s calculated
_ R
E=Er gy
The recoil energies of nuclides with chromium
and iodine oxygenated salts are listed in Table
1. These calculations show only the higher recoil

Table 1. Recoil energies of nuclides with chromium
and iodine oxygenated salts.

Nuclide E,(MeV) Recgl(:{}(;rgy

Effective recoil
energy E;(eV)

i
o

Fig. 12, Paper-clectrophoresis histogram of neutron-
irradiated KIQ,, dissolved in 0.1 M NaOH.
Irradiation time. 2 minutes. Running time,

1 hr at 600 V.

SICr 8.88 ‘831 565 Na,CrOq
806 K,CrOq
681 Rb,C:O,
498 Na,(Cr.0,
540 K.Cr.O,
490 (NH,},CrC;
606 Rb.Cr,0,
631 Ag.Cr,0O,

1241 5.19 113 45 KIO,
57 RbIO,
45 NalQ,
493 KIO,
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-energies, since several gamma ravs are emitted
in different directions, which cancel out gamma
ray multiplicity and result in a lower tecoil
the threshold displacement
energy, estimated as 25~30¢V, of an atom ina
crystal lattice reduces the effective recoil energy
in the solid salts.

Internal Conversion. A nucleus that decays
by electron~capture results in inner shell electron
which is filled by another electron
dropping in from a less energetically bound level.
This reaction is accompanied either by the fur-
ther ejection of electrons(Auger effect) or by an
X-ray(fluorescence). In

energy. Moreover,

vacancy,

both cases, vacancies
are produced in other shells and these again lead
to further Auger or fluorescence processes, yield-
ing an atom with a multiple positive charge,
A molecule containing such an Auger atom
decomposes as a result of the loss of the bonding
electron and Coulomb repulsion following distri-
hution of the positive charge to other atoms of
the molecule, The experimental observation by
paper-efectrophoresis  shows that there is no
significant evidence for an additional chemical
effect in the electron—capture process, *I(a,1)
128#T(EC, 6.39%) in iodates and periodates.
Reaction Mechanism for Recoil Atoms. In
view of the effective recoil energy and the in-
ternal conversion, it is unlikely that an atom
which has captured a neutron can remain bound
in its original molecule. It is also unlikely that
the energy of the recoil atom is dissipated in
heating a small region of the crystal. However,
the results of paper-electrophoresis separation of
recoil chromivm-51 and iodine-128 indicate that
many more of the recoil atoms are bound in the
parent molecules. The results of the present work
affords chemical evidence for the existence of
disorder zones as suggested by Miiller?, The recoil
chromium and iodine atoms produced by the (n,

¥) reaction generate around their starting point
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only small changes in the lattice arrangement
without producing a melt. The final fate of the
recoil atom is determined by the structure of the
immediate environment it has reached after hav-
ing lost its kinetic energy. Thus, the high initial
retention in neutron-irradiated chromates, dich-
romates, iodates and periodates indicate small
and local damage processes during neutron-irradia-
tion. Recoil atoms penetrate the lattice without pro-
ducing any more damage than small, temporary
deviation of atoms from their equilibrium state,
replacements, vacancies and interstitials. The
recoil atoms stop in the nearly perfect lattice near
their starting point and form part of the recoil
products of the Szilard-Chalmers precess after
dissoulution or react with the surrounding atoms
to form the retention.

Effect of the Cations. The dependence of
retention on the radius of the cation was shown
in Table 2. The stability of the salts formed by
one group of metal and a certain complex ion
increases as the size of the metal-ion decreases.
Therefore, the results explain that the higher
stability of the complex compound decreases di-
sintegration and rearrangement of excited mole-
cules, and increases the retention which ruas
counter to the results of Heine and Herr's expe-
riment?, It is proposed that the zone cf a displzcad
atom is formed when an energetic chromium or
iodine atom breaks through first the primary cage
of an oxygenated ion and then the secondary
cage of cations. The greater the radius of the
cation, the higher is the probability of the receil
atom breaking through the secondary cage. In
ammeonium dichromate, the ammonium ion Leka-
ves as a reducing agent in the disorder zone ard
results in low retention.

Effect of the Crystal Structare. The depen-
dence of retention on the crystal structure was
shown in Table 2. It is obsorved that the change

of retention is inversely proportional to the mel.
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Table 2. Retention values and erystal structures for chromium and iodine oxygenated salts.

Salt Recoil Retention Radius of the Molecular Crystalline
atom cation, volume, M/D form
Na,CrO, $1Cr 92.1 0.95 50.5 Orthorhombic (Crcr)
K,Cr0, 8.1 1. 33 71.1 Orthorhombic (Puen}
Rb.CrO, 7.7 1.48 81.5 Orthorhombie
Na,Cr.0, 94.7 0.95 118.2 Triclinic (PT)
K,Cr,0; 94.4 1.33 109.3 Triclinic (PT)
(NH,).Cr.0. 3.8 1.42 117. 2 Monoclinic(C2/c}
Rb,Cr;0, 9.3 1.48 128.1 Triclinic or
Monoclinie
Ag.Cr,0, 87.1 1.26 90.5 Triclinic
KI1Q, 28] 89.6 1.33 55. ¢ Moneoclinic or
Rhombohedral
Rb10; 85.8 1.48 60.1 Rhombohedral (R3m)
NalO, 100 0.95 55.4 Tetragonal (14,/2)
KIO, 9. 9 1.33 63.5 Tetragonal (I4,/a)
ecular volume as well as the ionic radit of cations. Harwell, 1968.
K Cr0O,; is isomorphous with NasCrQO; which is 4. K. Heine and W. Herr, “Chemical Effects of
orthorhombic, but the primitive lattice of K2CrO, Nuclear Transformations”, I A.E.A., Vienna I,
with its greater free space than the face-centered 343, 1961.
lattice of Na,CrOy shows the lower initial reten- 5 G 'Har:mdf’ pakas S"'"“f “Advasces . laot:
tion. Although it is difficult to correlate the initial gani¢ Chemistry and Radiochemirery” Vol 1,
. . . .. P. 267, Academic Press, 1959,
retention with the crystalline forms, it is prob-
6. T. Andersen and A.G. Maddock, Radiochim.

able that the monoclinic erystal such as Rb.Cr 0y
shows lower initial retention than the triclinic
crystal such as sodium and potassium dichromates,
due to the greater free space.
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