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the radiocarbon distribution. The burning. of graphite is known(1)
to be catalyzed to varying degrees by silica and most metals. Experi-
ments were made in which the rate of burning of graphite mixed with
powdered silica was compared with the rate of burning of pure graph-
ite. The presence of the silica caused a twofold increase in rate at
700°C. The present status of the problem calls for the development

2                      of a more reproducible procedure for the analysis of the C14 distri-
1

bution in these crystals.

.....

1.1.2 Spectral Emissivity of Graphite   (R. J. Thorn)

Further modifications have been made in the apparatus which is to
be used to determine the spectral emissivit¥ of graphite and the pro-
posed method is being studied for errors.(2,

1.1,3 The Electrical Properties of Powdered Graphite (A. French,
G. Hennig)

The electrical resistance of graphite powder (both natural and
artificial) under'pressures of.one to eight atmospheres seems to be
due almost entirely to contact resistances between the powder
particles. Attempts have been made to measure the Hall coefficients
of columns of powder and also the resistance changes in the presence.
of strong magnetic fields.  It was found that the Hall coefficients of

powder columns under pressures of eight atmospheres are the same ·
as those of solid graphite, but are more negative for pressures lower.
than eight atmospheres. The latter effect would be expected from
density considerations alone. The resistance change With field was
too small to measure with the present technique. The sensitivity of
this technique will be increased and the measurement will be re-

:
peated.

c                             Some orientation experiments are being. made on the resistivity and.

temperature coefficient of resistance of various powdered metals.

Apparatus has been constructed to measure the resistivity in air at
liquid nitrogen and room temperatures and in vacuo at higher tem-
peratures. Experiments will be carried out with powdered bismuth,
stainless steel, nickel, chromium, columbium, and palladium.

.

(1)ANL-4232, section 2.4.

(2)See ANL-4380, section 1.1.2.
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1.1.4 The Ratio of the Electrical Conductivities Along· the   c" and
"

"a" Axes of Natural Graphite Crystals (L. Fuchs, W. Primak)

The determination of the conductivities of graphite crystals is dif-
ficult for two reaso-ns:  (1)  it is difficult to obtain specimens of
suitable geometric forms; and (2), it is difficult to establish con-            -
tacts to the crystals. (1) The determination of the two conductivities                    ..
involves quite different systematic errors.  It is, therefore, desirable          -
in determining the ratio, to use a method which involves only a single
kind of measurement. A determination of the potential distribution
in  a crystal carrying current offers promise of being  such a method.

The conduction equation for an inisotropic conductor like graphite
is

0(344  +   a z v)  +    0    -»I  =   O
caxz               a yz / Z azz

It i.s readily seen that if the change of variables;

4 =(-0  )* zZ ·

is made, the equation becomes

32v 02v 32V   n. U. .

32 +·ayz + TE=K-
Thus, the potential distribution on the faces of a graphite crystal
to which current leads are fastened on the basal planes is just the
same as that on the ends.of an isotropic conductor of the .same cross
section (the current leads being attached in the same positions of
course) whose length,1, is related tothe thickness, 1, of the graph-
ite crystal as follows:

x  = (-2-)* 1 .GZ
Since it is inconvenient to prepare isotropic.bars of the. same cross .
section as the graphite crystals, conductors of given ratios of length
to radius were compared. The relation then· is

1

-X/p =  G ' 6 £/r ,\ Z/ -   -
or

-2- = (X/p . r/1): - 1
C Z                                                                                                                                                                                            V

where f and r are the tadii of the isotropic bar and the crystal
respectively.

(UK. S. Krishnan, lecture unpublished, University of Chicago,
(December, 1946).
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The experimental arrangement used for the graphite crystals was
described previously.(l) The microcurrent electrodes were placed

«"at the center of the c faces and the potential between correspond-
ing points on the faces determined at various distances from the
current.electrodes. Each potential was divided by the current
measured immediately before or immediately after that potential

,,                        reading. The experimental arrangement for the metal bars was
-                       similar to that used for the graphite crystals. Steel needles'·mounted

on micromanipulators were used for the current leads and potential
4                      probes. The distances were measured with comparators. Measure-

ments were made on bars of various diameters and of. different
materials. The potentials (E) so obtained were divided by the cur-
rent  (I) and plotted· as a function  of x/p  where.x was  measured  from
the axis of the bar.  Then, to facilitate the comparison, the curves
were adjusted by multiplying all the potentials bl a factor which
made E/I unity at the periphery, i.e.,,where x=p. The adjusted
curves for a number of bars and for several graphite crystals
(.1/r =ca. 15) are shown in Figure 2. Itcan be seen that the ratio
of the conductivities of graphite crystals must be· much less than
5000. Potential distributions for smaller values of X /p will be de-
termined in an attempt to determine the ratio as closely as is-

possible.(2)

-·                 · 1.1.5 Properties of Bromine-Graphite (G. Hennig)

As described in previous reports,(3) the partial bromination of
graphite followed by debromination produces compounds in which . 3
small amounts of bromine remain combined with the graphite.  The
amount of bromine retained in this manner is dependent upon the
conditions of the original bromination as shown in Table I.

Electrical Properties Some of the electrical properties of graphite
*                       . containing known amounts of residual bromine were measured and

are plotted in Figure 3 against the atomic ratio of bromine to carbon.
The effect of bromination on the electrical resistance is reported in

:
terms of R/Ro where Ro is the resistance at room temperature be-

-                    fore bromination and R is the resistance after bromination.

(1)ANL-4380, section 1.2.5.

(2)We are indebted to E. J. Hellund of this laboratory for mathematical
'.

-                    assistance with this problem.

(3)ANL-4380, section 1.1.5; ANL-4005, section 2.5.
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TABLE I      J

Effect of the Conditions of Bromination of Graphite
on the Amount of Retained Bromine                                  -

Sample Vapor Pressure Time of Bromine Retained
Number of Bromine B r omination (atom ratio Br/C)                4

(Inrn) (:min)                                                           -

35 200 189 0.0128                        *

37 66 '   67   0.0096

38       '        48             ' 65 0.0072

39           ca. 40 ca. 100 0.0040

40               50                6          0.00095

41                50               50          0.0045

An average temperature coefficient of resistance was calculated
frorn the fornnula

Ro - R                                                   -
a   =   (AT)Ro      '

where Rt is the resistance at -195°C. The effect of a magnetic
field on the room temperature resistance,   = 8 R/R, was measured
at a field strength of 14,000 gauss.  The room temperature value of
the Hall coefficient is reported in units of 10 statvolt crn/statamp

-22

gauss.

:
It ib believed that the residual bromine is retained by the graphite
because all or.a large part of it is bound by ionic or covalent bonds.
The  presence  of such bound bromine within the graphite lattic e
should have two effects on the electrical properties.  One of these,                 -
presumably far outweighing the other, is the removal of electrons
from the conduction·band of graphite. The other effect, which seems              -/
to be small in the present case, is the scattering of the electron
waves by the bromine. The latter effect can be separated from the
first effect by comparing the present results with the electrical
properties of graphite in the presence of a large excess of bromine

SEFRAT.: i ... .. ...465 019 ......
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vapor. Experiments of this nature have been started and indicate
that the presence of a large excess of bromine does not appreciably
alter the properties of graphite containing residual bromine.

The changes observed in all the electrical properties are at least
-·                     qualitatively in agreement with the postulate that graphite has lost

eldctrons from·the conduction band. The dependence of the .re-
- sistance on the magnetic field should decrease because it is large

only when the electron distribution terminates near a. zone boundary.
..

The changes in the temperature coefficient and in the magnitude of
the resistance are also compatible with the postulate that the top of
the electron distribution moves away from a zone boundary.

The eventual increase in resistance after exhaustive bromination
-                    is caused by a discomposition of the graphite, which will actually

fall apart if left in a saturated bromine atmosphere for several
hours.

"Chemical Properties It was found that the residual" bromine
present in graphite after brominatiori and debromination, induces

-                  the reaction of graphite with substances towards which it is normally
inactive, e.g., chlorine, aluminum trichloride, and iodine.

The reaction between chlorine and graphite was studied by placing
a sample of graphite containing various amounts of residual bromine
in the saturated vapor above ·liquid chlorine. The sample was ana-

-                         lyzed for chlorine by transferring it rapidly to potassium iodide
solution and then titrating with standard thiosulfate after allowing
at least 30 minutes for reaction. The results obtained are recorded
in Table II and indicate that the reaction with chlorine proceeds
further when the amount of residual bromine present in the original
graphite is larger. Large natural graphite crystals reacted less than

- artificial graphite.  It was found that chlorination releases some of
the residual bromine.  In one particular case the atomic fraction of
retained bromine dropped from 0.0079 to 0.0072 after reaction with
chlorine.  For the same reason, repeated chlorination and dechlorin-
ation progressively reduces the amount of chlorine taken up, because
each time the amount of catalyzing bromine is reduced.

Another reaction induced by residual bromine is that of aluminum

x                      trichloride with graphite as shown in Table III. Several other sub-
stances were tested and found to react very slightly or n6t at all
with debrominated graphite. Iodine seems to be a borderline case,
as it adds to graphite to some extent. The criterion for reaction

:·  :··:.:  .::· :·: :6#XRN;T 465 220
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TABLE II

Reaction of Chlorine with Graphite * Containing
Residual Bromine

Chlorination                                                                              -
Residual Bromine Conditions Chlorine Reacted              :
(atom ratio C//Br) (atom ratio C/Cl)

Temp. Time
(°C) (min)                                                            *

00 -34    30            >3900
139 -34    90                47.5
123 -34 90 43.8

100             ,           -34        35                            20.0
99               -34    95                24.3
98               -34    95                22.3

113 -48     30                65
121 -69 30 71.5

' *All samples were artificial AGOT-type graphite.

i -

"

TAB LE   III

Reaction of Various Reagents with Graphite
Containing Residual Bromine

Residual Bromine Reactant Temp. Amount Reacted
(atom ratio Br/C x 103) (°C)   (molecules/gram of C)

9.6 Acetone           25          7.6 x 10-5
10.2 Diethyl ether        25          3.3 x 10-5
10.2 Carbontetrachloride   25         7.5 x 10-5

9.6                             I2 156 22 x 10-5
0                                                               AlC 13 200 2.6 x 10-5
0                                     " 180 0.8 x 10-5

14.4                                  " 200 165 x 10-5

.*
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in these scouting experiments was the increase in weight of the
graphite.    A more sensitive  'test  than the increase in weight  is  the
change in electrical resistivity which usually accompanies the
chemical reactions of graphite. According to this test, iodine must

2 have reacted with debrominated graphite since, in one experiment,
the resistance decreased 27%. Application of this more sensitive

1 test revealed that even bromine-free graphite reacts slowly with
chlorine although the reaction proceeds much faster and further
with graphite containing some bromine (see Figure 4).

1.1.6 Properties of Potassium-Graphite (G. Hennig)

An investigation has been initiated on the effect of reaction with
potassium on the electrical properties of graphite. This investi-
gation is intended to supplement the work in progress on the graphite-
halogen addition compounds.

A preliminary series of measurements has been made.  A thin plate
of graphite was suspended by platinum leads in such a way that
electrical resistance and Hall measurements could be made simul-
taneously without disturbing the sample. The assembly was sealed
into a glass tube narrow enough to fit between the pole pieces of an
electromagnet. A small quantity of potassium was placed in the
bottom of the tube and the tube was sealed under a half an atmosphere
of helium. The apparatus was then placed in a furnace and heated at
400°C for various periods of time. After each heating period the ap-
paratus was cooled and measurements were made of the electrical

resistance (R), the temperature coefficient of resistance between 0°
and 25°C (a), the effect of a magnetic field of 14,000 gauss on·the
resistance (8), and the Hallcoefficient. The resultant data are re-
corded in Table IV.

It was found that as the reaction progressed the Hall coefficient
decreased without, however, changing its negative sign.  This is.

taken for evidence that the potassium became ionized and added
electrons to the conduction band of graphite.

Such measurements on this and similar reactions with graphite will
be continued as soon as more suitable equipment is available.
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TABLE IV

The Effect of Reaction with Potassium
on the Electrical Properties of Graphite

Time Heated Resistivity a x 104 B x 102 Hall Coefficient
at 380-400°C Ratio (°c-1, (R/Ro) (10 -22 statvolt cm/

(hour s) (R/Ro) statamp gauss)
.

0              1.0 14.4 -5.30
1.25 1.015 14.5 -5.94
5.25· 0.654 .

- 6.7 12.9 -4.75
6 0.536 - 5.7 12.7 -4.13

7 0.419 - 3.5 12.2 -4.92

9, 0.125 +13.6 5.3 -2.68

24 0.144 +26        0             -0.13

1.2  Effect of Pile Irradiation on the Physical Properties of Graphite

1.2.1   Determination of the Stored Energy in Graphite from the
Heat of Reaction with Potassium (W. Primak, L. Quarterman)

"

The measurements of the heat of reaction (Hr  of samples of  T-bar"
irradiated graphite annealed at various temperatures have been
completed using the method and apparatus described previously.
The results are recorded in Table V and plotted in Figure 5.

Values for the total stored energy (E) in "T-bar" as a function of
annealing temperature were obtained by Prosen, et al. at   th e
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160 TABLE V

Effect of Annealing on the Heat of Reaction of a Sample
of Irradiated Graphite (ca. 700 Mwd/c T) with Potassium

Reaction Time of Temperature Heat of
Number Annealing of Annealing Reaction

(hours) (OC) (cal/g)

Unirradiated AGOT-K III
1           none                            81
8                                          84
15                                             79
22                                            81

AvR. 81
Irradiated AGOT-KC;  "T-Bar";  ca. 722 Mwd/c T

9 none 114
23                                           116

Avg.   1 1 5

10           16 315 107
17                                            107
24                                           107

Avg.    1 0 7

11            3 432 104
18 102
25 102

Avg.    1 0 3

5 1.25 603 103
12                                           104
19                                           103
26                                           102

Avg. 103

6 0.5 802             96
13                                             94
20                                             95
27                                            93

Avg.   95

14 0.25 1025             90
21                                            90
28                                            89

Avg. 90
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Bureau of Standards using the heat of combustion technique and by
Neubert and Lees(1) with the Sykes technique. Since the heat of
reaction of unirradiated graphite with potassium is 81 cal/'g, the
heats of reaction with irradiated graphite (Hr) should be compared
with E + 81 as plotted in Figure 5.  It is apparent from an inspection
of this figure that the total amount of stored energy in graphite is
not measured by the heat of reaction with potassium.

-r

There seem to be two possible explanations for the failure of this
reaction to be a measure of the total stored energy. First, that the
reaction with potassium does not permit complete annealing of the
stored energy, i.e., some stored energy still remains in the reacted
graphite. Second, that all tlie stored energy is released, but that
the final state of the reaction product differs foA. irradiated and
unirradiated graphite. The first explanation seems most reasonable       -
although it is suspected also that the molar ratio of potassium to
carbon in the product obtained from the irradiated graphite is less
than that obtained from the unirradiated graphite.

If each potassium atom reacting with graphite liberates the same
heat of reaction as with unirradiated graphite and, in addition, a
proportional amount of the stored energy, the fraction [Hr/(81 + E)]
is to be interpreted as the quantity of potassium reacting with ir-
radiated graphite compared to that which reacts with unirradiated            -
graphite. This fraction is plotted in Figure 5.

.

The peculiar manner in which the additional heat of reaction, Hr-81,                         -
is annealed, may be spurious since there is an indication that the
stored energy in samples of irradiated graphite from different parts
of the same bar may differ by as much as 6 %.

1.2.2 Free Energy of Irradiated and Unirradiated Graphite
(A. French, G. Hennig)

Experiments have been continued(2) to investigate the possibility of
determining the free energy of irradiated graphite from the potential        -
established as the sample is oxidized in concentrated sulfuric acid.
The graphite sample in question was placed in a platinum basket
suspended in sulfuric acid, a current of two milliamperes was passed
through the cell, and the potential was measured against a standard
mercury-mercurous sulfate electrode placed directly below the               -
sannple.

(l)ANL-4307, T. J Neubert, R. B. Lees (June 13, 1949).

(2)Previous experiments were reported in ANL-4380, section 1.2.3.
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In the case of unirradiated graphite, the potential rose rapidly,
flattened out momentarily, exhibited another rise, and then finally
established a steady value. The initial plateau in the potential
established by irradiated graphite occurred at a higher potential
than the initial plateau exhibited by unirradiated graphite.  As in
the case of unirradiated graphite this potential exhibited another
increase before leveling off to a relatively constant value.

The results of some of the preliminary measurements are shown
in Table VI.

TABLE VI

Potentials Established by Irradiated and Unirradiated

Graphitie in Concentrated Sulfuric Acid

(against a standard mercury-mercurous sulfate electrode)

Graphite Irradiation Ternperature Potential (volts)

Type Exposure of Annealing                                                              , e

(°C) at 27.5°C at  40.5°C

KCF none 1.26

K-III 2 weeks in CP-3 as received 1.25 1.15

KC 722 Mwd/cT at HEW as received ' 1.015

500 1.135 1.075

1000 1.18 1.12

KC 1195 Mwd/cT at HEW as received 1.92

500 1.07 1.02

1000 1.14

From these and several other measurements it seems apparent that
the potential established by heavily-irradiated graphite does not
change regularly with irradiation time. Experiments are being
continued to datermine whether the potential change. is proportional
to the irradiation dosage for short irradiations.
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46-
1.2.3   Effect of Low Temperature Irradiation on the Electrical

Properties of Graphite (W. Primak)

Work on this problem(1) has been temporarily suspended.  It will             -
be resumed as soon as CP-3 is restored to operating condition.

1.2.4  Effects of Irradiation on the " c" Axis Electrical Conductivity
of Natural Graphite Crystals (L. Fuchs, W. Primak)

"  "The five crystals whose  c axis electrical conductivity had been
studied previously(2) were irradiated -in the central thimble of CP-3
for an additional month. The initial irradiation was  2.4 Mwd.    The
present irradiation was 6.1 Mwd. The resistivities were determined
in the manner described previously.(2) The results are given in
Table VII and plotted in Figure 6.

It can be seen that the electrical resistivity, Pc, has increased
progressively.  It is not certain that the scatter in the results is
to be interpreted as different behavior by the several crystals.  The
precision of the two lowest points is very low. The three upper
points almost lie within the experimental error. The results may
be compared with those reported by T. J. Neubert and othe rs(3) for
an artificial graphite irradiated  in CP-3. These  are also plotted                      ..
in Figure 6.   '

The probable potential distribution in a graphite crystal during the
.    "determination of the    c axis conductivity is shown in Figure  7.    The

variation observed in the results is attributed to the shifting of the
position  of the potential probe'  from one determination  to  the  next.
In accord with this interpretation it is found that the .extreme de-
viations in the results seem to be about the same in many sets of

-determinations, and the percent deviation seems to be small for
thick crystals and large for thin ones. .It can readily be seen that

(1)See ANL-4380, section 1.2.4.

(2)ANL-4380, section 1.2.5.

(3)CC-2320, T. J. Neubert, M. Burton (November 20, 1944);
CC-2322, T. J. Neubert, A. Novick, B. Leaf, A. Van Dyken                        -
(November 14, 1944), p. 6; -

ANL-4061, T. J. Neubert (November 24, 1947).
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TABLE VII

Effect of Irradiation on the "c" Axis Resistivity
of Graphite Crystals

(8.5 Mwd in CP-3 thimble)

......
                                                              ·                                                                                                                                                                                                                                                         Extreme....

...... Crystal Resistances Average Average Resistivity, Pz Pz - Po* Deviation
.... Number (10-5 ohms) (10-5  ohm)   Deviation    (10-3  ohm  cm) 10-2po from Mean**

...... ( %)                                          ( %)                 ( %)

.....

.....         18   103, 144, 132, 190; 127, 184, 150 152 14.2 9.9 24 186

... 134, 128,142, 127, 134, 197, 190..

:     . (It 164, 165, 149, 165, 168 C/)·· M MA                                                                                                                          0...:40 20 909,895,891,861,836 869 2.7 13.7            99              29                 Pm                                                                                                                          M....15 843,865,893,856,836                                                                ·          I
......

21.... 468,492,453,446,435 465 3.4 16.0 104         25
468,487,449,476,479

23 187, 199, 183; 236, 215 204 6.9 9.4 45 82
196,209,219,196

24 1271, 1213, 1252,1205,1217 1219 2.5 16.8 146         16
1266,1140,1183, 1220

0 *The data on po are given in ANL-4380 and are not repeated here.
C'>

**This is the propagated error in (f) 2 - palp 0. (ct. ANL-4380, section 1.2.5.)

rD
Ce
0-                                                                                                                 W

 ..



32

I1IlillII

0 -0 0  Crystal 18
Q-  0-
1 7 e Crystal 20
NO 0 Crystal 21                                       -

9-    -   180 e crystal 23
I.

>-         il Crystal 24
F-  160
- - - - Artificial Graphite
>
-

H  140
-

U'

w  120

Z  -  100

Ul                                                                                                                          '
u) 80
4
Ul                                                                                             .0
Ce                                                                                      /
0 60 -/Z
- . ""         040           /
F                             S>Z

  20
/e              O

N /
W                /             00 0/1 IRJ 1   1   1   1   1   1   1

012345678910
EXPOSURE IN CP-3 (Mwd)

FIGURE 6

EFFECT OF IRRADIATION IN CP-3 ON THE "c" AXIS
ELECTRICAL RESISTIVITY OF NATURAL GRAPHITE CRYSTALS

071 .................

46S ......
. . .

.................



33

Potential Probes

I           ·  9
--331-:N==-       -

- -£)- -

Graphite p ==1.  -I-I-- Current                 :
Crystal - - -
- - Leads
-'----I -I--I--
-
-'.----i- *F

1              i bl

:4

Potential  Probes

FIGURE 7

HYPOTHETICAL POTENTIAL DISTRIBUTION
IN A GRAPHITE CRYSTAL DURING THE

DETERMINATION OF THE "c" AXIS CONDUCTIVITY

..  ......  .    I   ..  .. . ... . ... I. 465 032......
......

...
..

.......... .......



34 SECRET

3 +if the ratio of the conductivities is not altered by the irradiation,
the  & Pc/Pc obtained would be correct although P c would not. This -

would not be true if the ratio of the conductivities were altered.
The importance of the effect can be estimated from the extreme
percent deviation in a set of results.                            -

-

1.2.5  Effect of Irradiation on the Electrical Resistivity of
Carbon Films (W. Primak)

No additional work was done on this problem(1) during the past
quarter.

1.2.6 Hall Coefficient and Electrical Resistivity of Irradiated
Graphite (G: He:nnig)

Measurements,of the Hall coefficient of irradiated graphite have
been completed and a report(2) has been written on this subject.

The changes observed in the Hall coefficients with irradiation and            -
annealing are in qualitative agreement with the changes predicted
by Tucker and Brooks.(3)  .

Maurer(4) observed that the Hall coefficient of graphite changed
sign after an irradiation ·of approximately 60 Mwd in the X-10 pile
at Oak Ridge. This corresponds to an HEW irradiation of ca. 3 Mwcl/6 T.
The data of the current investigation indicate that the Hall coeffi-
cient decreases after 139 Mwd/cT as shown in Figure 8. Hence the
coefficient reaches its maximum positive value somewhere between
3 and 139 Mwd/c T. The coefficient decreases between 139 and 1200
irradiation units and remains at a small positive value heyond 1200
units. Annealing causes an initial increase in the Hall coefficient
after irradiations of more than 139 units as shown in Figure 9, but

(1)See ANL-4380, section 1.2.6.

(2)ANL-4416, C. Delbecq, G. Hennig (March 9, 1950).

(3)TID-66, C. W. Tucker, H. Brooks, Jour. Met. and Ceramics 1, No. 2,
7 (January, 1949).

\
(4)CP-2890, R. J. Maurer, R. C. Ruder (April 25, 1945).
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causes a decrease after irradiations of 27 units or less. At 160006
the Hall coefficient of heavily irradiated graphite reaches a minimum
value and further annealing between 1600°C and 1960°C causes its

" negative value to increase slightly (see Figure 9).

The electrical resistance and its temperature coefficient for a

heavily irradiated sample (1195) Mwd/cT) were found to decrease
i·, · .                         only at annealing temperatures above 1200°C as shown in Figure 10.

This behavior is in qualitative agreement with the changes observed
in the Hall coefficients, namely that the negative carriers of elec-
tricity begin to contribute to the conductivity at annealing tempera-

- tures higher than 1300°C, where the Hall coefficient begins to
decrease. The appearance of negative carriers indicates that the
conduction band is practically filled.  In a full band, the concentra-
tion of current carriers is more temperature sensitive than in a
partially-filled band. Therefore, the temperature coefficient of
resistance of irradiated graphite has to decrease close to that an-
nealing temperature which causes the Hall coefficient to decrease.

1.2.7 Magnetic. Susceptibility of Irradia ted Graphite (M. Goldsmith)

The magnetic susceptibility of several samples of pure graphite. is.
being measured preparatory to subjecting these samples to pro-

- longed bombardment at HEW or Chalk River. Preliminary measure-
-                         ments of the effects of irradiation on the magnetic susceptibility of

graphite were reported in previous quarterly reports.(1)

(1 )ANL-4380, section 1.2.9; ANL-4258, section 2.2.3.
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1.3  Effect of Pile Irradiation on the Linear Dimension and Electrical
Resistivity of Uranium-Impregnated Graphite  (J. R. Gilbreath,
C. Wohlberg)

Several experiments have been carried out on the effect of annealing on the
* irradiation-induced changes in the physical properties of uranium-impregnatedgraphite. The samples involved were irradiated at HEW

and the consequent changes in linear dimensions and electrical
resistivity were discussed in a previous quarterly report.(1)

Two types of graphite were used in these experiments: (1) AGOT-K having
a density ranging from 1.67 to 1.77 g cm-3 and an electrical resistivity of
5 to 6 x 10-4 ohm cm (parallel to the axis of extrusion), and (2) B-1508-A
having adensity of 1.36 to 1.40 g cnn-3 and·an electrical resistivity of
21 x 10-4 ohm cm.*  Rods 0.156" in diameter were machined from the
original bars with the long axis of the rod parallel to the axis of extrusion
of the bar. These rods were impregnated with uranium oxide (uranium
present as 30 % U235) by M. Kanter using a procedure developed in this
laboratory. (2)  The U3OB content of the AGOT-K sarnples ranged frorn
3.70 to 3.94% while the U308 content of the B-1508-A samples ranged from
4.71 to 5.12%.

(1)ANL-4359, section 1.3.

"* National Carbon Company reports the following: B-1508-A graphite
differs from the usual graphites made from petroleum coke, in that
part of the flour is artificial graphite. The flour is milled to 90 %
through 200 mesh and the mix slowly and carefully extruded to give
a uniform texture to the graphite, free from slip planes if possible.
Because of the artificial graphite component of the flour there is
probably more orientation in this B-1508-A than in graphite made
from Kendall coke. There is no secondary pitch impregnation of
this grade.

.

(2)
ANL-4118, M. Kanter (February 6, 1948).

(3)ANL-4258, section 2.3.1.
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The irradiation induced changes in the linear dimensions and electrical
resistivities of these samples, as measured just prior to the annealing
experiments, are summarized in Table IX. It should be noted that the
fractional changes in diameter and electrical

resistivity
listed in Table IX

are not exactly the same as those reported previously.il) In general the
diameter of the samples appeared to have increased during the one year
which elapsed between the original measurement after irradiation and the
measurement before annealing.  At the same time a slight increase in the
electrical resistivity occurred in most samples. However, no changes
were observed in the lengths of the samples.  It is not possible to decide
whether these changes are real or are due to the measurement itself.  It
is believed that the accuracy of these measurements, as reflected in the
fractional changes in properties, is ca. + 0.003 frac·tional change in di-
ameter, and ca. t 0.0002 fractional change in length. The reproducibilityof the resistivity measurements as reflected in the fractional change inresistivity varies from + 0.01 to + 0.04. The changes in the diameter and
resistivity observed after standing at room temperature are considerably

(1 )ANL-4359, section 1.3, Tables II and III.
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TABLE IX

Effect of Pile Irradiation on the Electrical Resistivity
and Linear Dimensions of Uranium-Impregnated

Graphite Samples

Fractional Change in Property  Sample Weight U235* Irradiation
Number Weight C at HEW Diamete·r Length Resistivity

      (M-J/40 (AD/Dunirrad) (AL/L , (Ap/p    )unirrad unirrad

4.AGOT-K Graphite

K-2 0.012 +0.022 -0.007 +2.871127K-3** 0.012 +0.019 -0.007 +2.71

K-11 0.010 3-6.6 +0.038 -0.025 +2.83
K-12 0.012 +0.042 Broken Broken

K-9** 0.011 , 124.3 +0.083 -0.044 +3.25
K-10 0.012       ' +0.076 -0.046 +3.16

0

B-1508-A Graphite

C-2 0.016 29.17 +0.017 -0.016 Broken
C-6 0.016 +0.017 Broken Broken

C-14 0.013 6.6 b +0.025 -0.049 +0.83

C-16 0.014 +0.021 -0.053 +0.79

C-4 ** 0.015 t86.3 +0·061 -0.082 +1.15

C-13** 0.015 +0.046 -0.081 +1.05
.

*Uranium Present as 30% U235-70% U238

**Measurements on these samples were made just prior to the
annealing experiments and approximately one year after the

original measurements reported in ANL-4359, section 1.3

(Tables II and III).
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               greater than the corresponding deviations quoted above, thus suggesting
that the changes are real and not a prohuct of the experimental measure-
ments.  On the other hand, the fact that there seems to be no change in
length, the measurement which can probably be made most accurately,
would seem to cast some suspicion on the other changes.

It has been reported previously(1  that the electrical resistivity of ir-
radiated graphite decreases somewhat on standing at temperatures some-
what below the temperature of irradiation; however, no increase in
resistivity on standing at room temperature after irradiation has ever been
reported. The changes in properties on standing might be associated with
the presence of the fission fragments within the graphite and the continuing
bombardment of the graphite by electrons from the fission fragments after
the pile irradiation had ceased. However, this seems unlikely in the case
of resistivity at least, for the greatest change was observed in a sample
(K-9) which had been exposed to.the longest bombardment and which had

- apparently reached a saturation value.  One is therefore inclined to at-
tribute these changes to some factor other than a direct Wigner effect until
at least more data are available.

The results of preliminary annealing runs on three samples irradiated
are shown in Tables X and XI. It proved exceedingly difficult

to perform all the remote control operations attendant to annealing with-
out breaking the samples, and only one of the three samples was carried to
a reasonably high annealing temperature.  As can be seen by inspection of
Tables X and XI, rather erratic changes were observed in the diameter and
in the resistivity on stepwise annealing up to 890°C. The changes in di-
ameter appear to be greater than the error in the measurement, but it is
by no means certain that they reflect true annealing of the irradiation-
induced changes.  It does seem rather certain that the increasing resistivitywith increasing annealing temperatures above 500°C (sample K-9) is real.

Only fragmentary data are available on the effect of annealing on the re-
sistivity of irradiated

 raphite As a function of irradiation time.  On thebasis of these few data\2) the effect appears to be qualitatively as shown

(1)ANL-4369, T. J. Neubert (November 18, 1949).

(Z Data in numerous Metallurgical Laboratory reports (1943-1945)
summarized in PPR, Vol. 1 OB, paper 3.12, T. J. Neubert (inprocess); ANL-4416, G. Hennig (March 9, 1950); NAA-SR-43,
N. S. Rasor, W. E. Parkins (February 28, 1950); NAA-SR-23,
W. E. Parkins, J. M. Nuding, D. T. Eggen (October 17, 1949).
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TABLE X

Effect of Annealing on the Electrical Resistivity
of Impregnated Graphite Rods .Irradiated

186.3 Mwd/aT at HEW

Annealing Resistivity at 25°C Fractional
Conditions (10-4 ohm cm) Change in

Resistivity
Time Temp. Before After ( AP/P unirrad  
(hours) (°C) Irradiation Irradiation

Sample C-4; B-1508-A Graphite; 0.0494 g U,08/ g C

20.38 43.81 1.15

1 100 43.34 1.13

Sample C-13; B-1508-A Graphite; 0.0504 g U,08/ g C

22.27 45.75 1.05

1.1 300 43.63 0.96

Sample K-9; AGOT-K Graphite; 0.0373 g U3 8 g C

6.49 27.60 3.25

2 500 ·27.60 3.25

2 600 28.50 3.39
2 700 27.10 3.18

2 800 29.50 3.55

21.5 800 30.40 3.68

.
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TABLE XI

Effect of Annealing on the Linear Dimensions
of Impregnated Graphite Rods Irradiated

186.3 Mwd/aT at HEW

Annealing · Change Fractional Change Fractional                                   •

Conditions Diameter in Change in L ength in Change in
(crn) Diameter Diarneter (cm) Length Length

Time Ternp. (cm) (AD/Dunirrad) (cm) (AL/Lunirrad 
(hours) (°C)

Sample C-4; B-1508-A Graphite; 0.0494 g U,08/ g C

Before Irradiation

0.3934 3.8136

After Irradiation

0.4173 +0.0239 0.061 3.4994 0.3142 0.082
1 100 0.4155 +0.0221 0.056 3.4994 0.3142 0.082
1 200 0.4166 +0.0232 0.059 3.5001 0.3135 0.082

Sample C-13; B-1508-A Graphite; 0.0504 g U,08/ g C

Before Irradiation

0.3985 3.8146

After Irradiation

0.4168 +0.0183 0.046 3.5044 0.3102 0.081
1.1 300 0.4140 +0.0155 0.039 3.5082 0.3064 0.080
1 400 0.4143 +0.0158 0.046
1 500 0.4128 +0.0143 0.036

Sample K-9; AGOT-K Graphite; 0.0373 g U3O8 g C

Before Irradiation

0.3998 3.8064

After Irradiation

0.4331 +0.0333 0.083 3:6386 0.1678 0.044
2 500 0.4310 +0.0312 0.078 3.6434 0.1630 0.043
2 600 0.4308 +0.0310 0.078 3.6500 0.1564 0.041
2 700 0.4155 +0.0157 0.039 3.6487 0.1577 0.041
2 800 0.4255 +0.0257 0.064 3.6462 0.1602 0.042

21.5 800 0.4285 +0.0287 0.072 3.6462 0.1602 0.042
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in the sketch of Figure 1 1.A s exposure increases the amount of annealing
whi'ch can be obtained below 1200°C decreases.*  From the trend shown in
Figure 11, it seems quite possible that very heavily irradiated graphite
might show either no decrease or else a slight increase in resistivity below
1200°C. The slight increase in resistivity of the impregnated graphite
sample (K-9) on heating up to 800°C does not seem unreasonable then in
view of the fact that the increased bom6ardment as a result of fission re-coils corresponds  to   a pile irradiation  on pure graphite   of  ca. 9000 Mwd/a Tat HEW. (1)

A rather comprehensive series of annealing experiments was carried out
on one sample which had been irradiated 27.27 Mwd/a T. The resultant
data are shown in Tables XII and XIII and are plotted in Figures 12, 13,
and 14.

As the temperature of annealing was increased, the electrical resistivity
first dropped slightly, reaching a minimum at about 400°C, and then rose
gradually, reaching the value for the unannealed sample at ca. 1000°C.
Above 1000'C, the room temperature resistivity showed a definite decrease.
The general shape of the room temperature resistivity curve of Figure 13
is quite similar to the top curve of Figure  11  for pure graphite irradiated
ca. 1200 Mwd»T. Since this impregnated sample received an irradiation
of ca. 1300 Mwd/aT in terms of neutron-irradiated graphite, the behavior
of impregnated graphite would seem to be approximately the same as
ordinary graphite exposed to an equivalent amount of irradiation. Definite
annealing as measured by the average temperature coefficient of resistivity
appears to begin at about 800°C (Figure 12).

Again it is impossible to decide whether the variations between the
individual measurements of the linear dimensions are real. However, it
is apparent that no appreciable annealing of the linear dimensions occurs

                         below 90006. Above this temperature the length of the sample began to
-show a marked recovery to the original dimension.

As a control to check the extent to which chemical changes within the
impregnated graphite are responsible for the observed changes on annealing,
unirradiated impregnated samples were also heated at various temperatures.
As shown in Table XIV, only slight changes in resistivity and dimensions
occurred on heating to 800°C.   On the one sample (K-7) which was heated

* This general phenomenon has been found in properties other than
resistivity and has been discussed qualitatively at great length.

( 1 )Calculations similar to those in TID-65, F. Seitz, (July, 1948).
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*                                     TABLE XII

Effect of Annealing on the Electrical Resistivity
of an Impregnated Graphite Rod Irradiated

27.27 Mwd T at HEW

(Sample K-3; AGOT-K Graphite; 0.0472 g U3QB g C)

Annealing AverageConditions P 25°C P-195'C    Ap/P unirrad Change in Temperature
(10-4 ohm cm) (10-4 ohm cm) AP/P unirrad Coefficient

Time  Temp.                                    at    at      at 25°C (10-3 deg-1)
(hours) (°C) -195°C 25°C

./ Before Irradiation

6.77 11.29*                                    -3.04

After Irradiation; 27.27 Mwd/aT

25.15 27.30 1.42 2.71 -0.39
2 300 24.45 26.39 1.34 2.61 -0.10 -0.36
2 400 24.32 26.08 1.31 2.59 -0.02 -0.33
2 500 24.50 26.26 1.33 2.62 +0.03 -0.330
2 600 24.88 26.59 1.36 2.68 +0.06 -0.31
2 700 25.05 26.83 1.38 2.70 +0.02 -0.32
2 800 25.20 27.05 1.40 2.72 +0.02 -0.33
2 900 25.17 27.40 1.43 2.72 0.0 -0.40
2 1000 25.17 27.67 1.45 2.72 0.0 -0.45
1 1050 25.05 27.60 1.44 2.70 -0.02 -0.46
1 1116 24.56 27.83 1.47 2.63 -0.07 -0.61
0.5 1169 23.58 27.36 1.42 2.48 -0.15 -0.73
1 1228 23.70 27.63 1.45 2.50 +0.02 -0.75

*Estimated from values on other similar samples.
0
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TABLE XIII

Effect of Annealing on the Linear Dirnensions
of an Impregnated Graphite Rod Irradiated

27.27 Mwd/aT at HEW

Annealing Fractional Fractional
Conditions Diameter Change* Change in Length Change* Change in

(cm)          in Diameter (cm) in LengthTime Temp. Diameter (AD/Dunirrad) Length (AL/Lunirrad 
(hours) (°C)       (cm)              (cm)

Before Irradiation

0.3995 3.8064

After Irradiation; 27.27 Mwd/a T

0.4069 +0.0074 +0.019 3.7795 -0.0269 -0.0071
2 300 0.4120 +0.0125 +0.031 3.7833 -0.0231 -0.0061
2 400 0.4097 +0.0102 +0.026 3.7802 -0.0262 -0.0069
2 500 0.4084 +0.0089 +0.023 3.7854 -0.0210 -0.0055
2 600 0.4069 +0.0074 +0.019 3.7833 -0.0231 -0.0061
2 700 0.4064 +0.0069 +0.017 3.7859 -0.0205 -0.0054
2 800 0.4064 +0.0069 +0.017 3.7859 -0.0205 -0.0054
2 900 0.4079 +0.0084 +0.021 3.7859 -0.0205 -0.0054
2 1000 0.4087 +0.0089 · +0.022 3.7930 -0.0134 -0.0035
1 1050 0.4074 +0.0079 +0.020 3.7900 -0.0164 -0.0043
1 1116 0.4051 +0.0056 +0.014 3.8006 -0.0058 -0.0015
0.5 1169 0.4051 +0.0056 +0.014 3.7991 -0.0073 -0.0019
1 1228 0.4064 +0.0069 +0.017 3.7986 -0.0078 -0.0020

*As measured from the original dimensions of the unirradiated sample.
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TABLE XIV

Effect of Heat Treatment on the Physical Properties
of Uhirradiated Impregnated Graphite Rods

Annealing Resistivity Fractional Change Average
Conditions · Diameter, Length, at 25°C, p in Property Temperature

D                             L             (1 0-4 ohm cm)                                     Coefficient
Time Temp. (cm) (cm) 8 D/D     AL/L     8 p   (10-3 deg-1)
(hours) (°C)

Sample K-6; AGOT-K Graphite; 0.0343 g U,08 g C

0.3985 3.8037 6.14  '
2 500 0.4008 3.8037--6.24 +0.006 +0.016---
2 600 0.4006· 3.8037 6.25 +030'0'5- --·--  +0.018
2 700 0.3978 3.8037 6.16 -0.002 -- + O -653  ..--

2 800 0.3975 3.8024 6.05 -0.003 -0.0003 -0.015

Sample K-7; AGOT-K Graphite; 0.0415 g U3O8 g C

0.4013 3.8062 7.38                                   -3.04*
16 1230 0.4011 3.7935 6.74 -0.001 -0.003 -0.087 -2.. 71

* Value obtained  on a similar sample.
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directly to 1230'C;definite·.decreases in length, room temperature resis-
tivity, and the temperature coefficient of resistivity were noted.   The
change in length was in the opposite direction from that which occurred
on heating an irradiated sample to this temperature.  This is true also
of the change in the average temperature coefficient of resistivity.  How-
ever, the change in the room temperature resistivity was in the same
direction as that observed for the irradiated samples at ca. 1200°C. These
meager facts may be associated with chemical reaction, possibly carbide
formation, occurring in the temperature range of ca. 1200°C.

On the basis of the very limited data presented herein, it is possible to
conclude only that it is extremely difficult to anneal out the changes in
linear dimensions and electrical resistivity of impregnated graphite
samoles (ca. 0.012 g U235 g graphite) produced by irradion for as little

as 27.27 Mud/ T at HEW. There is definite indication  of annealing at temper-
--

atures of-the order of 1200°C, but it is by no means certain that this
represents true annealing of Wignerized atoms.  It may possibly be due
to chemical reaction.  In the absence of more quantitative data on the ef-
fect of heating on the properties of unirradiated impregnated samples, it
is impossible to settle this question. However, it should be noted that
there is no real evidence as yet to indicate that the behavior of impregnated
graphite (containing only a few percent of uranium) under irradiation is
particularly different from that to be expected for pure graphite subjected
to an equivalent irradiation.

It is unfortunate that the manpower situation will not permit further in-

vestigation of this problem at the present time. There is much valuable
information to be gained from such studies.  In view of the data presented
herein it would seem most desirable to make a thorough study of the
properties of impregnated graphite after only short irradiation times,
e.g., one week to one month· in CP-3. Special attention should be paid to
the effect of annealing on these properties and such data should be com-
pared with corresponding data on pure graphite subjected to a neutron
irradiation equivalent to the neutron plus fission recoil irradiation re-

ceived by the impregnated samples.  At the same time the effect of heating
on the physical properties of unirradiated impregnated samples should be
investigated rnore thoroughly.

.
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1.4  Distribution of Wignerized Atoms in Graphite  (G. R. Hennig)
D

The experiments(1) involving the use.of Cll as a tracer for Wignerized
carbon atoms in graphite have been postponed until the betatron at the
Institute for Nuclear Studies becomes available. The yield of Cll from
the ( y,n) reaction on C12 should permit much more significant measure-
ments than those heretofore possible with the low yields of Cll produced

I             in graphite by cyclotron bombardment.

1.5  Effect of Pile Irradiation on the Thermal Conductivity of BeO-U02
Materials (J. L. Weeks)

A steady-state thermal conductivity apparatus for determining the conduc-
tivity of small BeO-UO2 prisms (1.75 " x 0.1875" x 0.1875") has been
designed and is currently being tested.  Some of the features of this new
design are discussed in the subsequent paragraph.

Probably the greatest difficulty encountered in determining thermal con-
ductivity is the problem of measuring the true temperature of the sample
at at least one point (two or more points in most methods). This problem
is accentuated in the present case, for it is virtually impossible to drill
holes in the irradiated BeO-U02 samples and cement thermocouples in
these holes, as is customirily done.  In the previous attempts(2) to deter-

1 mine the thermal conductivity of these samples accurately, the temperature
of the sample has been measured by pressing a thermocouple against the
surface of the sample.  This has proved rather unsatisfactory since it is
very difficult to obtain reproducible contact against the rather rough
BeO-U02 surface. This difficulty can be alleviated by using considerable
pressure but this, of course, means that the thermocouple must be quite
rugged and the attendant heat loss out the thermocouple leads and mounting
posts is large in comparison with the heat flowing into the sample from the
heat source. A possible means for circumventing this difficulty may lie in
the use of compensated thermochuples and the incorporation of such thermo-
couples is the most important feature of the present method.

The apparatus as presently designed is sketched in Figure 15. The nickel
heat source and heat sink are built into bellows so that various length
samples may be accommodated and so that the source and sink may bepressed firmly against the sample. This feature also facilitates loading

(1)See ANL-4359, section 1.4; ANL-4380, section 1.4.

(2)See ANL-4006, section 1.3.3; ANL-4090, section 1.7.3; ANL-4185,section 1.6.2; ANL-4288, section 1.3.1.
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the sample into the apparatus by remote control since the bellows may beretracted during this operation.   The sample itself rests on three compen-sated therrriocouple posts, the construction of which is sketched in Figure 16,and is pressed against these posts by means of a bellows-actuated quartzknife edge just opposite the center thermocouple post. The thermocouplewhich measures the surface temperature of the sample lies at the very top
-.

of the post and the sample presses against it. Below this thermocoupleand inside the post is another thermocouple and below this is a built-in                       -heater. This heater is regulated so that the temperature of the interiorthermocouple is the same as the temperature of the surface thermocouple,in which case there is essentially no heat loss down the post. Under thesecircumstances the therrnocouple should be at the same temperature as thesurface of the sample. The quartz knife edge also has a built-in heater anda control thermocouple. Thid heater is adjusted until the temperature onthe control thermocouple is the same as the temperature of the compensatedthermocouple on the middle post just opposite to the knife edge, so thatagain heat loss is kept to a minimum.

In addition to keeping the heat losses along the thermocouple leads to aminimum, precautions were taken to reduce other heat losses by conduction,convection and radiation. The nickel heat source is connected to the bellowsthrough a thin stainless steel tube which has a low thermal conductivity.The entire assembly is enclosed in a bell jar which can be evacuated, thusreducing the heat loss considerably.
.-

Before assembling the apparatus in the form shown in Figure 15, the ther-mocouples in the nickel rod heat source and sink and in the thermocouple                   -posts were calibrated.  The heat source and sink were originally part of asingle nickel rod from which a standard nickel sample could later be cutout from the  middle section. Four small holes, each large enough to contain3 mil chromel-alumel thermocouples, were carefully drilled at the desiredpoints, and the distances between holes were measured with a travellingmicroscope. After installation of the thermocouples, all thermocouples inthis assembly, as well as those installed in the thermocouple posts and inthe quartz knife-edge piece, were calibrated between 0° and 200°C by com-parison with a thermometer certified by the Bureau of Standards. A smallheater was then installed in the nickel rod, and a vacuum jacket and water-            -cooled heat sink built arbund it.  The heat input was calculated from thevoltage drop across the heater leads ·and the resistance across the leads.Temperature readings were made at equilibrium for various heat inputsand the thermal conductivity of the nickel rod was determined from theheat input, the temperature readings and the other necessary known param-           -
eters.  The rod was then cut into three pieces with the middle section yield-                   -ing a standard sample, and the heat source and sink were mounted as shownin the sketch of Figure  1 5.
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The procedure of making a thermal conductivity determination on an unknown

I

sample is then as follows.  With the bellows in a retracted position, the
sample is placed on the three thermocouple posts which serve as a tripod.
The bellows controlling the knife edge is then actuated forcing the sampleagainst the posts and holding it there firmly.  The bell jar is placed over
the apparatus and evacuated.  The end bellows are then actuated, allowingthe heat source and sink to contact the ends of the sample (ca. one atmos-
phere pressure).  As the temperature distribution in the sample approaches,
equilibrium the post and knife-edge heaters are adjusted until the temper-
ature differential between the surface thermocouples and the control
thermocouples is as close to zero as possible.  Then when an equilibrium
condition is finally reached, all thermocouples are read.  From the dif-
ferential thermocouple readings in the nickel heat source and sink, the
distance between the thermocouples, the known area of the nickel rod, andthe measured thermal conductivity of the nickel, the heat flow in and outof the unknown sample is calculated. (Ideally, these should be equal.)  The
heat flow calculated in this manner together with the temperature differ-
ential along the surface of the sample is then used to calculate the unknown
thermal conductivity.

The volume of data gathered with this apparatus is too small to warrant
any conclusions, but the thermal conductivity values obtained for nickel
and for Armco iron are well within the ranges reported in the literature.
The operation of the compensated thermocouple posts does appear quite
satisfactory.  It is planned to make determinations on several othersamples of known thermal conductivity before applying this procedure
to irradiated BeO-U02 samples.

1.6 Stored Energy in Irradiated Diamond (L. Fuchs, W. Primak)

It was reported previously(1) that 139 to 143 cal/g of stored energy hadbeen found in a sample of diamond irradiated
(ca. 190 Mwd/c T). Samples of this material have now been annealed atvarious temperatures in a purified nitrogen atmosphere and their heatsof combustion determined.(2) The results are given in Table XV.Several additional results which were reported previously(1) are also
inc luded.     The data given in Table  XV are plotted in Figure   17  andsimilar data for graphite reported by T. J. Neubert, et alJ3) are plotted
for comparison.

(1)ANL-4380, section 1.6.

(2)Heats of combustion were determined by E. T. Prosen, W. H. Johnson,and  L.  B.  Eddy  in The Thermochemical Laboratory of the NationalBureau of Standards.

(3)ANL-4000, section 2.1.1; ANL-4005, section 2.1.1; ANL-4307,R. B. Lees, T. J. Neubert (June 13, 1949).
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TABLE XV

Effect of Heat Treatment on·the Heat
Content of Irradiated Diamond

(Sample irradiated ca. 190 Mwd/c T at HEW)

Heat Treatmdnt Heat Content
Sample

'
Relative

Time Temp. to Graphite **
(hours) (OC) (cal/g)

Unirradiated* none                  50
Unirradiated 0.5 690 32

Irradiated * none 190

Irradiated           16 250 146

Irradiated            8 350 128

Irradiated            4           450             92
Irradiated             2           550             98
Irradiated * 0.5 690·                      46

*Previously reported in ANL-4380, section 1.6.

**The heat contents are relative to a standard graphite
sample. The precision of the above values is ca. 6 cal/g.

It can be seen that the heat content of the irradiated diamond decreased
almost linearly with increasing annealing temperature.  It can also be seen 2

that the heat content of the unirradiated diamond decreased when a sample
of it was heated. This latter effect may be interpreted as an incipient
transformation of the diamond into graphite. However, the change  in the
heat content of the unirradiated diamond even on heating to a high temper-
ature (690°C)· was small compared to the changes observed in the irradi-
ated diamond annealed at much lower temperatures (250 to 550°C).  It
must be concluded, therefore, that the major effect demonstrated by the

"                     "
annealing curve is the release of stored energy. The interpretation of
the difference in heat content between the irradiated and unirradiated
diamond heated  at  690°C is difficult since the irradiated diamond  may  not,
on annealing, reach the same state as the unirradiated diamond.  The
value 139 to 143 cal/g of "stored energy" givenpreviously(1) should be
reinterpreted in this light.

(1)ANL-4380, section 1.6.
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Additional diamond samples have been sent to HEW foi; irradiation.  It is
planned to determine·the heat content for samples irradiated for various
lengths of time and to obtain annealing data for some of these samples.  It

-                 is also planned 'to conduct similar studies with other materials.

-

1.7  Effects of Irradiation on the Decomposition of Crystals

-                        1.7.1 Occluded Gases in Irradiated Crystals  (R. B. Lees)

A number of observations relating to the presence of occluded gases
in irradiated crystals have been made during the past quarter. These
are described briefly in the following paragraphs.

Sodium Nitrate Another sample of sodium nitrate has been ir-
radiated in CP-3 for 60,000 Kwh and the distribution of the occluded
oxygen in the sample after irradiation and annealing at 255°C has
been investigated by the methods outlined in the previous quarterly
reports.(1) The pertinent calculations from the data on this sample
together with those made previously on two other samples are listed

-                     in Table XVI. These data show the effect of annealing on the growth
of gas pockets quite. clearly.

Sodium nitrate crystals· were sealed in two quartz vials, one in
-                     vacuo, the other in air. These vials were irradiated in CP-3 for

104,000 Kwh and 142,000 Kwh respectively.  In the first case the
crystals became opaque and yellowish; in the second case most of
the crystals became opaque and yellowish but portions of these
crystals irradiated in vacuo retained their transparency and were
dark yellow in color. The latter crystals were found to contain
215.8 Mmoles of gas/g, about twice as much as was liberated from
sodium nitrate crystals which had received an irradiation of
60,000 Kwh in CP-3.

Potassium Chlorate Two· samples of crystalline potassium
chlorate were irradiated in CP-3 for two weeks (ca. 42,000 Kwh)
in an open vial, and for one week (ca. 33,000 Kwh) in an evacuated
vial. The latter material contained 585 Bmoles of gas (02)/g, the

- former 385 limoles gas/g.  It is probable that some moisture

entered the open vial during and after irradiation and released
some of the occluded gas.  In both cases the crystalline form of
the potassium chlorate was destroyed.

(1)ANL-4380, section 1.7, ANL-4359, section 1.8.
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TABLE XVI

Effect of Heat Treatment on the Growth of Gas Occlusions
in Irradiated Sodium Nitrate

(Irradiated ca. 2 weeks in CP-3)

Sample  Numb e r                                  1*                                          2 3*

Irradiation Time (Kwh) 60,000 64,000 60,000
Total Oxygen Content

(pmoles/g) 135 96.2 135

Heat Treatment none
Time (hours)                      2             1.25
Temperature (°C) 2550C 302°C

D ensity (g /cm')
Before Irradiation 2.261 2.261 2.261
After Irradiation

and Heating 2.248 2.220 2.046

Average Diameter of
Occlusion (ju)** 0.33 4.6 8.77

Volume of Average
Occlusion (cm3) 1.88 x 10-14 5.1 x 10-11 3.54 x 10-10

Concentration of
Occlusions (g-1) 1.36 x 1011 1.6 x 108 1.31 x 108

Average Interocclusion
Distance ( Al) 1.5 14.1 15.57

Oxygen Pressure in
Occlusions (atm) 1300 390 68.5

* Data reported previously in ANL-4380, section. 1.7.

**All calculations based on assumptions discussed in ANL-4380,
section 1.7.
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Oxalato-Complexes    It was noted some years ago by G. R. Hennig(1)
that, when heated, certain oxalato-complexes release carbon dioxide
which is retained within the crystals. Since this phenomenon seems
to be quite similar to that observed for irradiated nitrate and chlorate

crystals where oxygen is also retained, the investigation of the
thermal decomposition of the oxalato-complexes would seem to be

pertinent.

Forty grams of K3Mn (C204)3'3HzO were prepared by the method of
G. Cartledge.(2) The material consisted of small fragile dark purple
needles, containing less than 0.01% of any metals other than potas-
sium and manganese. When heated on the vacuum line 1500 Umoles
of carbon dioxide/g were liberated, and the color of the crystals
suddenly changed from purple to white. Mixtures of manganese and
potassium oxalates were then heated under similar conditions, but
no appreciable evolution of gas occurred. The reaction'for the de-

composition of the manganiate complex is assumed therefore to be:

2K3Mn(C204)3'3H20 --1,-2 Mn(204 + 3Kzc204 + 6HTO +-2 602   ·

From· this equation one would expect ca. 2000 Umoles carbon di-
oxide/g. Therefore, in the present case, about 500 Urnoles of carbon
dioxide/g apparently were retained within the crystals.  When a
portion of the heated residue was dissolved in water considerable

gas was evolved ihirnediately.  When a sample of the heated manga-
niate was crushed for ten minutes on the vacuum line, about 0.6 timples
carbon dioxide/g were liberated. However, the material was too

fragile to be accurately sieved for the determination of surface area
by the procedure described previously. (3)

Since crystals of the corresponding cobaltiate compound,
K36O(C2046o3HTO, are much harder and more stable at room tem-
perature than the manganiate, a similar experiment was carried
out with this material.74) When heated on the vacuum line the
cobaltiate decomposed to a pink-colored mixture of cobalt oxalate

C i.) Personal communication.

(2)G. Cartledge, W. Ericks, J. Amer. Chem. Soc., 2§, 2061 (1936).

(3)ANL-4288, section 2.6.1.

(4)prepared by ·the method described in H. S. Booth; Inorganic
Synthesis, Vol. I, Chap. IV, Sec. C, p. 37, (McGraw-Hill Bookdo.,Inc.,
New York, 1939).
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and potassium oxalate, yielding 1200 prnoles of carbon dioxide/g.
Since 2500 limole s/g were stoichiometrically available, about
1300 Mmoles/g were retained within the crystals. Again this oc-
cluded gas could be released by dissolution in water. A large
sample of the cobaltiate was decomposed thermally, and the pres-                -.
sure of the released carbon dioxide was measured with a U-tube
mercury manometer. By subtraction from the stoichiometrically
available carbon dioxide, the amount of retained gas was calculated
to be 1250 Brnoles of carbon dioxide/g. Samples of this heated
pink substance were then crushed on the vacuum line in the usual
manner, (1) the change in surface area was determined by sieving .\
before and after crushing, and the average size of a gas occlusion
was calculated from these data to be 0.14 K . The heated cobaltiate,           -
when examined under the microscope, appeared extremely porous,
the cavities ranging in size up to about l B in diameter.

Further experiments on these oxalato-complexes are planned.

Potassium Nitrate As discussed in the subsequent section (1.7.2),
measurements of the magnetic susceptibility of an irradiated potas-
sium nitrate crystal suggest that slightly more free oxygen is present
than is measured by the pressure of the gas released upon heating.
The magnetic susceptibility of one sample indicated the presence of
249 limoles of oxygen/g assuming that the entire change in suscepti-
bility is due to molecular oxygen. This sainple liberated only 215 B moles
oxygen/g when heated to the melting point. The presence of about
15 Umoles/g of atomic oxygen in the occluded gas would account for
the excess paramagnetism. However, in view of the good agreement
of the susceptibility determinations with known values for oxygen, it
does not seem probable that there is present any appreciable amount
of a paramagnetic contaminant.

An attempt was made to release the occluded oxygen from irradiated
nitrate crystals by dissolving them in water on the vacuum line, for
it was feared that during the thermal decomposition some nitrite ion
was recombining with some of the oxygen. Unfortunately reproducible
results could not be obtained by this method, probably because of             -
irregular degassing of the water used.

The calibration of the McCleod gauge and the volume of the line were
also checked by liberating known amounts of gas in the line. A small              -
sample of fresh silver oxide was heated strongly on the line, and -

the McCleod gauge measured 25.3% less than the stoichiometrical                 -

(1)ANL-4288, section 2.6.1.
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amount of oxygen expected. A large sample of the silver oxide
was heated gently, and the measurdd pressure was 19.6% lower
than that expected from the loss in weight. A small sample of

- mercuric oxide was decomposed completely by strong heating,
:                                           and the -measured pressure  was 15% lower  than the calculated

pressure. Furthermore, a mixture of barium carbonate and lead
-                                       chloride was ·heated strongly and appeared to evolve  3.5%  more

carbon dioxide than would be expected from the reaction:

BaC03 + PbC12 ---1- PbO + BaC12 + 602 1.

-                         It has, moreover, been reported by many that oxygen tends to stick
to the surface of mercury and perhaps forms bubbles between
mercury and glass. Conditions favoring this phenomenon would be
excellent in a large McCleod gauge such as was used in these ex-
periments.

As a consequence of these calibration experiments steps are being
taken to insure correct pressure measurements of.the liberated
oxygen.

1.7.2   Effect of Irradiation on the Magnetic Susceptibility of Nitrate

_                    Crystals (M. Goldsmith)

Further measurements have now been made of the magnetic suscep-          2
tibility of irradiated and unirradiated potassium nitrate. (1  A sample
of Baker and Adamson Reagent Grade potassium nitrate was powdered
and subjected to spectrographic analysis which revealed the presence
of less than 0.01 % of the elements: silver, aluminum, boron, barium,
beryllium, bismuth, calcium, cobalt, chromium, copper, iron,
magnesium, manganese, nickel, lead, antimony, silicon, tin, titanium,
zinc, and zirconium.

Magnetic susceptibilities were measured by the Gouy method using.

apparatus and methods of calibration described(2) elsewhere.  The
- specific susceptibility of a powdered sample is given by the following

equation:

Fc 8Wp - AWN  \
X=11 11 KH:0-Ka(1- p /p')    1/p.,

L \ AwH20 -  AWN

(1 Previous measurements were reported in ANL-4288, section 2.6.2.

(2)ANL-4359, section 1.7; M. Goldsmith, J. Chem. Phys. 18, 523
(April, 1950).
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where X = the gram susceptibility of the powder,

AW = the apparent change in weight of the Gouy tube
upon application of the magnetic field,

K = the volume magnetic susceptibility,

2 = the density of the powder,

p'  = the density of the solid component of the powder,

and the subscripts 2, N, H20, and a refer to the powdered sample,                   -
- -

nitrogen, water, and air respectively.                  ·

The results of measurements made upon unirradiated potassium
nitrate are tabulated in Table XVII. The absence of ferromagnetic
impurities is indicated by the field strength independence of the
susceptibility whereas the temperature independence :of the sus-
ceptibility indicates.the absence of paramagnetic impurities.  The
gram susceptibility of this sample of unirradiated potassium nitrate
was therefore taken to be - 0.333 + O.003 x 1.0-6 where the precision
index indicates the most probable deviation of a single determina-
tion.

TABLE XVII                                             -

Magnetic Susceptibility of Potassium Nitrate
Before Irradiation

Powder
Density, p Field Strength Temperature -  X/g x  106

(g/crn') (kilooersteds) (°K)

1.393 9.3 297 0.339
1.393 6.4 297 0.339

1.431 9.3 302 0.332
1.431 6.4 302 0.332

1.412 9.3 298 0.334
1.412 6.4 *75.6 0.335 -

1.431 9.3 301 0.330
1.431 9.3 75.6 0.334                                     -

1.405 9.3 75.6 0.326

- -.S.E.Q.IJ .T ..   I    .....  ..
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A sample of this potassium nitrate was s'ealed in a quartz ampule
in vacuo and irradiated for two weeks in CP-3. Three months after
irradiatioh, the ampule was opened and a portion of its contents

-                     was analyzed spectrographically; no contamination during irradia-
-                              tion was indicated. , The results of susceptibility determinations on

the irradiated rrlaterial ·aTe given in Table XVIII.

TABLE XVIII

Magnetic Susceptibility of Potassium Nitrate
After Two Weeks Irradiation in CP-3

Powder
Density, p Field Strength Temperature AX/g x 106

(g/cm') (kilodersteds) (OK)

1.365 9.3 300 0.779

9.3 75.6 2..14
11 6.4 75.6 2.13

1,329 9.3 .301 0.789
"                                 " 252 0.925
11                                                  1, 2 2 7 1.022

-                    "              " 214 1.085
"                                 " 75.6 2.16

1.380 9.3 286 0.836
" 253 0.933

230 1.018

217 1.073
" 207 1.118
" 75.6 2.14

*

As a test of the validity of these determinations, the' magnetic
susceptibility of a sample of Mohr's salt (ferrous ammonium
sulfate hexahydrate) was measured at each of several tempera-

-             ' tures between 200° and 300°K. The Mohr ' s salt, which contained
100.0% of the theoretical amount of iron, was kindly loaned to us
by C. A. Hutchison, Jr. of the University of Chicago. The specific
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6<2
susceptibility(1)(2) of Mohr's salt was assumed to be (9500/T+l)x 10-6
where I is the Kelvin temperature. Our results, together. with the
corresponding values calculated from the above formula, are given
in Table XIX. The agreement between our values and those of
Jackson, et al· is well within the precision of t 2% usually obtainable
whdn the Gouy method is applied to powders.

TABLE XIX

Magnetic Susceptibility of Ferrous Ammonium
Sulfate Hexahydrate

Powder X  /g x  106
Density, p Temperature

(g/cm3)             (°K)           This Work Ja.ckson,   1 al·

1.155 295 31.7 32.1
t, 215 44.0 44.0
„ 211 44..6 44.8

1.180 298 31.3 31.6
" 234 40.4 40.5

229 41.8 41.4
214 44.3 44.2

it 206 45.8 45.9

The change in the gram susceptibility (ZSX ) of potassium nitrate
upon irradiation follows the Weiss-Curie Law between 2000 and
300°K. The equation obtained by the method of least squares,

249
8X = x 10-6, is illustrated in Figure 18. Since the molal

T   +   1 4.9
Curie constant(3) of molecular oxygen is 1.00, one infers that if
the only paramagnetic substance contained in our irradiated potas-
sium nitrate is molecular oxygen, then 249 pmoles of oxygen are

(l)p. W. Selwood, Magnetochemistry (Interscience Publishers, Inc.,
New York, 1943), p. 29.

(2)L. C. Jackson, Phil. Trans. Roy. Soc., A224, 1 (1924).

(3)Bauer and Piccard, J. Phys. Radium, 1, 97 (1920).
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contained ih each gram of the potassium nitrate.  The AX at 75.6°K
predicted by our Curie-Weiss equation is 2.73 x 10-6 g whereas the

-6           -average of our experimental values at this temper.ature is 2.14 x 10
We believe' that this falling off from the Curie-Weiss Law is due to
liquefaction of oxygen gas contained in the crystal pockets; indeed
the susceptibility of 249 Brnoles 'of liquid oxygen(1/ is 2.10 x 10-6
at 75.6°K.

-.

Samples of the irradiated potassium nitrate were melted .in vacuo
by R. B. Lees (see previous section of this report) and the oxygen
evolved, measured manometrically, was estimated to be 215 1 10 Bmoles
per gram of sample. Susceptibility measurements of the potassium
nitrate thus melted indicated that less than 8 Bmoles of oxygen per        -
gram of potassium nitrate remained in the crystal. Our irradiated
potassium nitrate would therefore appear to contain a paramagnetic
substance which is not molecular oxygen and whose susceptibility
is equal to the paramagnetism of approximately 30 Kmoles of oxygen;
in addition this paramagnetism disappears when the crystal is melted.

„           „Various attempts were made to discover the source of this excess
paramagnetism. Gases liberated from the molten potassium nitrate
were passed through a liquid nitrogen trap. Since the total contents
of the trap proved to be less than 5 umoles of gas, calculated as if
the gas were oxygen, the paramagnetism due to oxides of nitrogen
originally present in the sample was assumed to be negligible.  It
is possible that the manometric oxygen analysis does not detect all              -
the oxygen originally present, ·inasmuch as some recombination of
the oxygen and nitrogen dioxide may occur as the crystal is heated.
However, as discussed in section 1.7.1 of this report, it now seems
most likely that the pressure measurement of the liberated oxygen
is in error and that this accounts for most if not all of the excess"          "

paramagnetism.

A sample of our irradiated potassium nitrate was examined by
C. A. Hutchison, Jr. who found no paramagnetic resonance ab-

21sorption# / in the 3 cm region.  It had been hoped that these measure-
ments might enable one to estimate the number of F-centers and            ..
oxygen atoms present in the crystal.

(1)Onnes and Perrier, Proc. Roy. Acad. Amsterdam, 12, P. 799..

(2)C·· A. Hutchison, Jr., Phys. Rev., I , 1769 (1949).
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1.7.3 The Magnetic Susceptibility of K3Mn(204 3H20 (M. Goldsmith)

It had been reported by J. J.: Eberl(1) that the magnetic moment of
manganese in K3Mn(3204.3HzO. was 5.92 Bohr magnetons whereas one
would expect a value\2)  of ca. 4.90 magnetons  for a complex compound
of trivalent manganese. Magnetic susceptibility measurements were
made on this compound at temperatures between 76° and 300°K.

The magnetic moment thus determined was 5.05 Bohr magnetons, a
.

value which is not at all uncommon for trivalent manganese com-
pounds.

1.8  Investigation of Color Centers in·Alkali Halide Crystals (R. Casler,
C. J. Delbecq, P. Pringsheim, P. Yuster)

1.8.1  Bleaching of Color Centers in Alkali Halides by Light and by
Heat

Sodium chloride crystals were irradiated in CP-3 and subsequently
annealed at 60°, 100° and 150°C. Apart from the fact that the
F-centers are much less stable than those of lithium fluoride and
vanish at a higher rate even at lower temperatures, the decay
curves have the same character as those obtained with lithium
fluoride,(3) showing a steep slope at the beginning of an annealing
period followed by a subsequent leveling off. The number of
F-centers present as a function of time can be represented by the
equation:

dN(F) -a  N(F) + aN(F)2 .
dt

In the derivation of this equation it is assumed that a is a constant
inversely proportional to the total number of negative ion vacancies
and that   is the value of N(F) reached asymptotically with in-

_c,r-easing time. The solution of this equation indicates that a plot.
:'  .N(F) - 8

Of Iii . against time should result in a straight.line with a
N(F)

slope of  a  8. Actually the experimental data give fairly good
straight lines when plotted in this manner. However, a different

"            "value must be chosen for the constant  a  in each instance and
there is no clear correlation between these values and the concen-
trations of F-centers in the various crystals.

(1)J. J. Eberl, Thesis, Univ. of Buffalo, 1941.
(2)p. W. Selwood, Magnetochemistry (Interscience Publishers, Inc.,

New York, 1943).

(3)ANL-4380, section 1.8.2.
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A potassium chloride crystal exposed to x-rays  at   -185°C  and   sub -
sequently warmed up to -75°C loses about 30% of its F-centers and
simultaneously the V-band at 355OA, described in the preceding
report,(1) disappears. The F-band is not affected appreciably by
repeated cooling to -185°C and warming up to -75°C. However, if
held for long periods of time at -75°C the F-band drops a good deal

--more than that of crystals which had been exposed to x-rays at
room temperature and then cooled to -75°C.  With an ionization
energy E of 1 ev, as postulated for the potassium chloride F-centers
by Smakula,(2) the mean life time T of an F-center at 200°K would
be of the order of magnitude of 104 years, as derived from the
equation 1/T = se-E/K. T with s = 1013.  If s were smaller, T would
be even larger.  On the other hand if the ionization energy is 0.6 ev          -
instead of 1 ev, T would equal 160 seconds at 200°K, which would
appear to be of the right order of magnitude.   It is possible, however,
that the main loss of F-centers in our experiments occurs at a
temperature well below 200°K.  Thus, one must either admit that.
the thermal ionization energy of the F-centers is very much smaller
than that given by Smakula, or one must (as proposed in an earlier
report(3)) make a direct recombination of F-center electrons with
positive holes (Vl-centers) responsible for this bleaching at low
tennperatures.

The difference in stability of F-centers formed by exposure to
x-rays at different tempuratures is shown in Figure 19. Even after               -
being kept in the dark at room temperature for five days, a potas-               -
sium bromide sample which has been exposed to x-rays at -75°C,
continues to exhibit a considerable spontaneous decrease in the
F-band, The F-band of a crystal x-rayed at room temperature re-
mains very nearly constant after a relatively small initial drop
during the first two hours following the end of the primary ir-
radiation.

Table XX shows the behavior of six potassium chloride crystals
which were exposed to x-rays at various temperatures and sub-
sequently bleached by exposure to the radiation from an AH4
mercury arc lamp through a filter opaque to all wavelengths be-
low the green mercury line. The third row of the table lists the
initi 1 light absorption,at the F-band peak and proves that the dif-
ferences in bleaching efficiency are in no instance caused by a
difference in initial light absorption.  At -185°C the crystal which                 -
had been exposed to x-rays at -185°C was bleached much more

(1)ANL-4380, section 1.8,2.

(2)A. Smakula, Goettingen Nachr., 1, 55 (1934).
(3)ANL-4359, section 1.9.3.

465 071 ........ WPACRET . . .....
. . . . . .

...

............... ..



4-

e

73

1.1

1.0

C;

00 0.9-

......   0.8
-1                  K Br(97) Xroy 12 min -72°C

...... -

-2 0.7 i.... LL         1
I . -

......                        0
·                  0.6 -2-
..... -0                     C>. i .                                      -         9-0.....

1 056
KBr(96) Xray 36 min room temperature

.. z 4.
.. w 0.4- --..

......

......

J 0.3-
......                     0- -- KBr(35) Xray 10min -72°C

ZO.26
...... Oc-
.... - KBr(36) Xroy 10 min room temperoture

0.1 -

0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

TIME AT ROOM TEMPERATURE AFTER IRRADIATION (HOURS)

FIGURE  19

STABILITY OF F-CENTERS IN POTASSIUM BROMIDE
FORMED BY IRRADIATION AT VARIOUS TEMPERATURES

0
CD
01

0 -J

..3
W

N



74 SECRET

9
than those in which the F-centers were formed at higher tempera-
tures.  The same holds for a comparison between the bleaching
rates at -75°C of the crystals exposed to x-rays at -75° and +25°C
respectively. If crystals have received such large x-ray doses
that they are quite opaque to F-light and their D(F) can be deter-
mined only by extrapolation, those which were exposed at -185°C
can still be bleached completely by irradiation with F-light, while
this is practically impossible for crystals x-rayed to the same
degree at 25°C.

TABLE XX

Stability of F-Centers Produced at Various
Temperatures in Potassium Chloride to Bleaching. by F-Light

Temp. of X-ray Exposure (°C)   -185  - 75  + 25 -75 +25 +25

Temp. of Bleaching (°C) -185  -185 -185 -75 -75 +25

Initial Absorption (%)                 99     99   97.5     99    91   ,92
Decrease in D(F)in 20 Min. (%)    14      7      6     48    35.   63

When lithium fluoride crystals with uniform color center distri-
butions are bleached by exposure td light of wavelength 2537A, the
intensity of the F-band decreases almost linearly with the number
of absorbed photons and is independeht of the initial F-center con-
centration.  This is shown by the curves of Figure 20. The difference
between bleaching by light and by heating at 100°C is very striking
as can be seen by comparing the solid curves of Figure 20 with the
dotted curve.  The two processes differ, of course, since the heat
bleaching attacks the whole crystal uniformly, while irradiation
with F-light at first bleaches only the uppermost layer, the deeper
layers beginning to bleach only when most of the F-centers in the
outer layer have vanished.  It is difficult, how:ever, to correlate
this difference and the different shapes of the decay curves.  The
curves of Figure 20 follow the bleaching process only to the point
at which the appearance of the new band at 222.OA, described in a
previous report,(1) begins to cause a slight shift in the wavelength
at the peak.  It may be mentioned that this new band also appears
in the absorption spectrum when a lithium fluoride crystal contain-
ing color centers is annealed at temperatures above 200°C (see
Figure 21).

(1 )ANL-4232, .section 2.8.1.
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While F-centers formed at room temperature in lithium fluoride
are quite unstable at temperatures above 250°C, it is possible to
produde F-centers by exposing lithium fluoride at a temperature
of 350°C to a long bombardment with 1 Mev electrons. After an

-                         exposure of 10 seconds at room temperature the D(F) exceeds two;
at 350°C, even after an exposure of 0.5 hours, D(F) is still well

- -· below one. The wavelength of the band peak is as usual at 2500A,
but the band is broader, With a half-width of about 1.2 ev instead
of  0.78  ev and shows a bulge  on the short wavelength  side  and  a
long tail on the long wavelength side, both indicating the presence
of additional bands hidden under the F-band (see Figure 22).  The
band is very stable at high temperatures-and can be bleached only

-, - if thecrystal is fired tomore than 500°C. Onthe other. hand, as
shown in Figure 22, it is quite sensitive to irradiation with light of
the wavelength 2537A·and, in this case, the new band at 222OA ap-
pears with relatively much greater intensity than in crystals irra-
diated with x-rays at room temperature.(1) Simultaneously, a
broader band of greater wavelength with a peak at about 300OA

emerges at first, but vanishes again after a prolonged exposure
to the radiation from the germicidal lamp.

1.8.2  V-Centers in Alkali Halides

-                       In all alkali halides containing F-centers which we have investi-
-                        gated, with the exception of lithium fluoride, the existence of

several, at least three, V-bands of various,wavelengths and widely
differing stabilities has been ascertained. There is no doubt that
the lower or higher stability of the F-centers is intimately related
to the presence or predominance of one or the other of the V-bands
which in Table XXI are tentatively called Vl, V2, and V3·

TABLE XXI

Wavelength of the V-Bands in Potassium Bromide,
Potassium Chloride, and Sodium Chloride

Wavelength at Band Peak (A)

Vi(-185°C) Vi(+250) Vj(+25°) F(+25°)

KBr 4100 2700 2250 6300
KCl 3600 2360 2150 5630
NaCl 3450 3250 <2100 .4650

(1)Compare with Figure 4 in ANL-4232, section 2.8.1.
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Analogous'bands on the short wavelength  side  of the F-band could
„'

not be observed in lithium fluoride, because their wavelengths are
beyond the range of our spectrophotometer.  A few preliminarymeasurements were made with potassium iodide, but they are notyet sufficiently advanced for a discussion.

- I

The band Vl is observed in the crystals only when they are irra-
diated at very low temperatures and vanishes completely when the

. crystals are allowed to warm up to dry ice temperature.  V2 in its
turn is less stable than V3; it prevails in the absorption spectrum
when the color centers are produced at low temperature and are
investigated at room temperature, under which condition the F-centers
are relatively unstable.  V3, the most stable of the three V-centers,
predominates when the color centers are produced at room tempera-
ture. In general, however, the absorption spectrum consists of a
superposition of V2 and V3 and possibly of even another weaker band.

Which of these bands prevails depends not only on the temperature
at which the color centers were formed, but also on the nature of
the primary radiation used for their production. Table XXII lists

i                         the data obtained on two samples of potassium chloride in which
tk color centers were produced in the one case by exposure at room

temperature to soft x-rays from the 50 Kev tube with beryllium
window and, in the other case, to the harder x-rays from the same
tube filtered through 2 mm of aluminum. After the irradiation and
the measurement of the resulting absorption spectra, the crystals
were annealed at 150°C in order to determine the relative stabilities
of the F- and V-centers.  D(F) and D(V) in Table XXII represent the
optical densities at the peaks of the F- and V-bands respectively;
H(F), the half-width of the F-bands; H(V), the apparent half-width
of the superimposed V2 and V3 bands; and X(V), the wavelength of
the peak of this band which varies if the relative intensities of VZ
and V3 vary. These changes are much larger in the crystal irra-
diated with soft x-rays and, in this crystal, the F-centers vanish

.

at a much higher  rate  at  150°C.    The last column of Table  XXII
lists the ratios [N(F)/N(V)] of the number of F- and V-centers as
calculated from the values of the optical densities and the half-
widths under the assumption of equal oscillator strengths for both
kinds of centers.  The very low value of N(F)/N(V) for crystal I
after annealing may indicate that there is a band of another nature
hidden under the V-bands which does not vanish together with the
F-band.  This is also suggested by results which were obtained
with sodium chloride and potassium bromide.   In the case of Crystal II
the ratio remains much more nearly constant, both its F-band and
its V-band, mostly V3, being relatively stable.  In no case could
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we  obtain data indicating  that the number of V-center s and F-centers
  are equal, as reported  in a recent paper by Alexander and Schneider. (1)

TABLE XXII

Stability of F- and V-Bands in Potassium Chloride
After Exposure to Hard and Soft X-rays

Crystal_ Type of Time at D(F) H(F) X(V) D(V) H(V) N(F)
Number X-rays    150°C (log Io/I)  (ev)   (A)  (log Io/I) ev N(V)

(hour s)

I      Soft       0 1.95 0.355 2200 0.29 1.28 1.87
8 0.16 0.355 2150 0.15 0.70 0.54

II            Hard             0 1.56 0.355 2160 0.245 0.74 3.05
18.5 0.88 0.355 2150 0.190 0.62 2.66

In a potassium chloride crystal bombarded at room temperature
with 1 Mev electrons from the Van de Graaff, the F-centers were
even less stable than those produced by soft x- rays, and the cor-- r.1

responding V-band  had a still greater half-width,  H(V) =  1.5  ev.
On the other hand, the F-centers produced by electron bombard-
ment at 65°C were more stable than those in Crystal I of Table XXII.
and the corresponding V-band had a smaller half-width, H(V) = 0.76 ev.

! These various observations prove that the difference of stability of
F-centers formed under various conditions in a crystal is (at least
to a great part) due to the formation of different V-centers and not
to intrinsic differences in the F-centers themselves or to differences
in the density distribution of F-centers, V-centers and ion vacancies.
I .

-

(l)Alexander and Schneider, Nature, 164, 653 (1949).
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1.10 Effect of Pile Irradiationon Diffusion in Metals (L. Grossweiner)
Scouting experiments are continuing to determine the possibility of investi-
gating the effect of irradiation on diffusion in metals using radiotracer
techniques.

Some experiments have been carried out on the bismuth-cadmium alloyfoils discussed in the previous quarterly report.(1) The proposed procedure
for investigating diffusion in such a foil was as follows. A sandwich con-
sisting of a 30-mil pure cadmium foil, a 2-mil alloy foil (9 weight-
percent bismuth), a 7-mil alloy foil, and a 2-mil alloy foil in that order,
would be irradiated for a short time in CP-3.  Due to the high absorption

210cross dection of the cadmium, an essentially exponential gradient of Po
should be formed across the 7-mil foil (the 2-mil foils should minimize
end effects). It should be possible to fix this gradient by alpha-countingboth sides of the foil.  This foil would then be completely enclosed in a
shell of cadmium and irradiated for a long period of time. Under these
conditions the slow neutron flux should be so attenuated that no significant210additional quantity of Po would be formed and the foil would be subjectedessentially only to fast neutron bombardment. The effect of the fast neu-

210trons on diffusion would then be determined by determining the Po
gradient across the foil after the irradiation.  Such a system would be
quite ideal from a counting standpoint. However, as pointed out in theprevious quarterly report,(1) the interpretation of the resulting diffusion
data might be quite difficult due probably to segregation in the alloy.

A bismuth-cadmium sandwich, as described above, was prepared, irra-
diated for five days in CP-3, and allowed to cool for one month. The alphacounts on each side of the central bismuth-cadmium foil were determined
and the foil was then heated at 100°C in vacuo for several time-intervals
in order to determine whether the proposed method would pick up evidenceof diffusion and to investigate qualitatively the diffusional properties of thealloy. There was a very rapid rise in the alpha count of both surfaces
during the initial few (ca. 20) minutes of heating, the surface count in-
creasing by a factor of about four. Following this the surface activityincreased very slowly over a period of 30 hours. Apparently, two dif-fusion processes are occurring simultaneously.

(1 )ANL-4380, section 1.10.
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The rapid diffusion may be associated with some recrystallization.process
occurring  in' thu alloy during the initial heating period. Consequently,  an
unirradiated alloy foil was heated  at  100°C in vacuo and examined metal-

lographically by J. Baumrucker of the Metallurgy Division. Photomicro-

graphs of the transverse cross section of foils.before and after heating
are shown in Figure 23.' These photographs show the cadmium matrix
bounded by stringers 6f pure bismuth or eutectic. In Figure 23a, before

heating, the stringers appear as grey, rather indefinite masses along grain
boundaries. As shown in Figure 23b, the 100°C annealing has completed
the separation of the bismuth and cadmium and the stringers are.very well
defined.

In view of this metallographic examination, it is probable that, in an ir -
radiated foil, the polonium in the stringers diffuses very rapidly to the
surface during the initial heating period.  As .soon as the stringers are
depleted in polonium, the diffusien is then limited by the  rate  of · diffusion
of the polonium from the grain boundary material into the stringers, al-
though once in the stringers the polonium moves very bapidly to the surface.

In any case, the alloy is an inhomogeneous material which undergoes
structural changes on annealing and is not well suited for experiments on
elementary diffusion processes.

1.11   Observations on Irradiation-Induced Corrosion (L. Fuchs; W. Primak)

Corrosion of Nickel in Humid Air Previous experiments(1) have indicated
that nickel becomes corroded wheri irradiated in humid air at ambient tem-

perature in CP-3. This corrosion can apparently be represented by the
equation:

Ni + 3HEO + Nz + 2.5 02 --4- Ni(N03)22. i20 +. H2 ·
.

In the experiments performed, the corrosion  roceeded until all the water

vapor available to the nickel had reacted according to the above equation.
No corrosion was observed on irradiation in moist oxygen or in dry air.

At the request of the Reactor Division several similar experiments* were
carried out under the conditions of temperature and humidity to which a
nickel safety container proposed for CP-4 would be subjected. The nominal

temperature of this nickel during pile operation would be ca. 250°C and the

(1)ANL-4359, section 1.11; ANL-4380, section 1.11.

*These experiments were carried out with the assistance of

R. G. Berggren at ORNL.
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relative humidity of the surrounding air might be as high as 80% (room
temperature humidity),: Since nJckel nitrate decomposes to nickel oxide
at temperatur'es betweeii· 100° and,200°C, it might be predicted that the
corrosion of rii'ckel in humid air would be less severe at 250°C than at
100°C.

A polished nickel'wire (area of 1.1 crnz) was sealed ina silica tube
(volume of 17 cm3) under a pressure of 450 mm of air and 19 mm of
water vapor.  The tube was irradiated in a fuel channel at the center of
the X-10 pile for two weeks at a temperature of 300°C t 10°C. After
being stored for 1.5 months, the tube was opened and the contents were

·1

analyzed fof Water-soluble nickel.* The quantity found was.81 Bgrams.
...'.

This is approxirflately one-third fhe maximum quantity which would be
expected to6react if the irradiation had been carried out at the ambient
temperature (< 100°C) of.CP-3. The previous suggestion that such a
nitrate corrosion would be less severe at higher temperatures, has there-
fore been sustained by experimentation.

Another sample was irradiated in a similar fashion but the temperature
was not controlled and varied from room temperature to 425°C although
it was at ca. 250°C for most of the irradiation time. On analysis 52 Bgrams
of soluble nickel.was found in this tube.

After irradiation a brown film was found on both wires.  A few green
·

1

patches were observed on the sample whose temperature had not been
controlled, but none were noted on the other sample.

Corrosion of Zirconium Fuel Elements in HEW At  the   r eque st  of  the
Naval Reactor.Division, an investigation was performed on a brown deposit
which was found ob a zirconium-clad zirconium-uranium slug that had been
irradiated in the coolant water stream at HEW. The material was found to
be calcium carbonate, about 75% crystallizing as calcite and 25% as
aragonite. The identification was made on the basis of the optical properties
as determined with a petrographic microscope. Supplementary chemical
analyses verified the identification.

1.12 Oak Ridge Irradiation Damage Program (W. Primak)

This program is sponsored by the Naval Reactor Division at ANL and is
under the supervision of W. Primak of the Chemistry Division at ANL.
Progress reports concerning the status of this program appear in the
quarterly reports(1) of the Physics Division at ORNL.

*Analyses performed by  R.  Bane  and R. Hospelhorn  at ANL.

(1)
ORNL-576, February 7, 1950.
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2 PHYSICAL CHEMISTRY PROBLEMS
.,

2.1 Ionization Potentials  (E. G. Rauh, 0. C. Simpson)

The apparatus for producing and detecting a molecular beam of plutonium
is being constructed.  This will be used to investigate surface ionization
and adsorption of plutonium on tungsten oxide.(1)

2.2 Chemical Effects of Ionizing Radiations on Liquids (E. J. Hart,
P. Walsh)

2.2.1  Effect of Hydrogen Peroxide on the Gamma-Ray Induced
Oxidation of Formic Acid in Aqueous Solutions

The mechanism 6f formic acid oxidation by gamma rays from a
40 curie Co source has been studied in air-free aqueous solutions60

at pH 2.7 to 3.0. Oxidation of the formic acid occurs as a result of
its reaction with the hydrogen and hydroxyl free radicals produced
by primary ionization of the water by the gamma rays.

In order to differentiate between the effects of the hydrogen and
hydroxyl radicals, the kinetics of formic acid oxidation were studied
in the presence of hydrogen peroxide.   At 0.01 M formic  acid the
hydrogen peroxide concentration was varied from 1.5 x 10-5 to
0.02 moles/liter and at 0.001 M hydrogen peroxide the formic acid
concentration was varied from 2 x 10-4 to 0.02 moles/liter.  It was
found that throughout these ranges of concentrations the reaction
followed the equation:

HCOOH + HZO2 = 2HTO + (02 .

Oxygen is not liberated and only relatively small amounts of hydro-
gen are produced in this hydrogen peroxide-formic acid reaction.
In.the absence of hydrogen peroxide, the net over-all reaction at a

pH  of   3.0   i s:

HCOOH = H2 + COZ  (2)

(I)ANL-4380, section 2.1; ANL-4359, section 2.1.

(2)H· Fricke and E. J. Hart, J. Chem. Phys. 2, 824 (1934).
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The rate of oxidation of formic acid increases at first with increas-
ing hydrogen peroxide concentration. A maximum increase in rate
of 55-fold exists.near 0.0007 M hydrogen peroxide and thereafter
the rate of oxidation decreases with increasing hydrogen peroxide
concentration.  At 1.7x 10-5 M hydrogen peroxide, the increase in
rate i·s about tenfold.

The course of the hydrogen peroxide-formic acid reaction may be
represented by the following series of reactions:

Rate Step
Constant No.

HaO + 7 -rays H  +   OH                                                             Io                                     (1)

H + HCOOH H2 + HCOO                Kz           (2)
OH + HCOOH HzO + HCOO              K3           (3)

OH + HCOO  H 0 +.602                   K*            (4)
HCOO + H202 H2O + (02 t OH           Ks           (5)

HCOO + X COZ + HX                  K6           (6)
OH.+ H202' termination products.      K              (7)

The following equation was derived from the above mechanism by
making the usual assumptions regarding establishment of steady-
state concentrations of intermediate free radicals:

dC02 2 Io

dt   = IO + lc65    (x)     k7'   '(H202)0
k5 (H2O2 0· 19 (HCOOH)0

After evaluation of the constants· this equation becomes (for 0.01 M
formic acid):

d(COZ)                           20= 0.026 +
dt                5.38 + 9.84(Hz02)0

(H202)0

where (H202)0 = initial hydrogen peroxide concentration, and where
concentrations are given in units of millimoles per liter per hour
at 6 cm from the cobalt source. This equation is found to give

465 085
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23,
satisfactory agreement with experimental data in the range from
10-4 to 5 x 10-3 M hydrogen peroxide at a constant formic acid con-
centration of 0.010 M.

The role of the hydrogen atom is different from that proposed in the
previous quarterly report. (1) Reaction of reactive hydrogen atoms
with formic acid to produce hydrogen gas is a more reasonable
mechanism than recombination of hydrogen atoms, in view of the
fact that hydrogeh gas production is independent of formic acid con-
centration. Formic acid oxidation in the absence of hydrogen per-                       , 7
oxide may thus be represented as:

H20 + 7-rays H + OH

H + HCOOH H2 + HCOO

HCOO + OH H2O + (02

2.2.2 Oxygen Inhibition of the Gamma-Ray Induced Hydrogen Peroxide-
Formic Acid Reaction

Oxygen was found to play an important role in the gamma-ray induced
oxidation of formic acid in the presence of hydrogeh peroxide. Since
the peroxide-formic acid oxidation is a chain reaction having up to
50 links it is to be expected that inhibitors also exist.  In a system
of 0.010 M HCOOH, 3 x 10-5 M.H202 and 0.001 N HZSO4, the effect of
oxygen concentrations of 4.8 and 10.1 x 10-6 M was studied.   The re-
sults appear in Figure 24. The oxygen is converted to hydrogen
peroxide in the induction period.  This is observed by the fact that
the peroxide content increases initially. The induction periods are
obtained by taking the points of intersection of the " zero" line and
the linear portion of the peroxide-time curve of Figure 24. At these

low ranges of oxygen concentrations the induction period is a linear
function of the oxygen added (see Figure 25).

Work is now in progress on the study of the stoichiometry of the
products formed in the induction period.

The suggestion was made in the previous quarterly report(1) that
the effectiveness of radiation therapy might be increased by the
injection of hydrogen peroxide into the tissue prior to irradiation.
In view of the oxygen inhibition effect, this idea would appear to

(I)ANL-4380, section 2.2.3.
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have no merit since the oxygen content of tissue is surely higher
than 5 0 10 x10-6 M. However, in experiments where it is feasible
to remove oxygen, the use of hydrogen peroxide may be of value in
distinguishing between the direct and indirect action of x-rays or
garnrna rays.

2.2.3  Determination of the Number of Initial Free Radicals Formed
by Gamma Rays in Aqueous Solutions

Oxygen Inhibition Method In view of the effectiveness of oxygen
as an inhibitor of the peroxide-formic reaction, we can consider
that the chains initiated by hydrogen and hydroxyl radicals are
terminated solely by oxygen. Under these conditions the number
of chains started is equal to the number of oxygen molecules disap-
pearing. Since the latter is measurable, it is possible to calculate
the number of free radicals initially formed.

Before carrying out this calculation, it is necessary to establish a
reasonable relation between oxygen molecules disappearing per
initial chain started. According to the mechanism reported above
in section 2.2.1 we have a possibility of two chains per initial pair
offree radicals. These are:

H + HCOOH = H2 + ACOO,                     (2)
and OH + HCOOH = H20 + HCOO .                  (3)

The chain-propagating step is:

HCOO + H202 = H20 + 602 + OH .

Step (3) takes place since in the peroxide-formic acid reaction,
carbon dioxide is produced through a mechanism not liberating
hydrogen. Therefore it is concluded that two formate radicals
and consequently two reaction chains are produced per initial
water dissociation in the presence of hydrogen peroxide.

Regarding· the mechanism of oxygen inhibition, a possible set of
reactions is the following:

H + 02 = HO2

H02 + HCOO = H202 + 602 ·

By this mechanism two chains are stopped per oxygen molecule
and one molecule each of hydrogen peroxide and carbon dioxide
are formed. Since this is in accord with the experimental results,

465  (88
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it will be assumed that one molecule of oxygen will break two
chains. Therefore, the number of water molecules yielding
hydrogen and hydroxyl radicals is numerically equal to the number
of oxygen molecules consumed during inhibition of the peroxide-
formic acid reaction.

At a dose rate of 8060 r/hr(1) the rate of oxygen consumption is

25.2 x 10-6 moles/liter/hour· (see Figure 25). This amounts to  
3.12 x 10-6 moles of hydrogen and hydroxyl/liter/1000 r.

Ion Pair Method Lea's(2) value of 2 x 1012 ion pairs/cc water/r
probably gives a pretty good estimate of the number of primary
ionizations taking place in liquid water when.irradiated by gamma
rays.  Each ion pair then produces hydrogen and hydroxyl radicals

according to the equations:

HzO -820+  + e-

H20+ - H+ + OH

e- + H20 = 40- = .H+ OH- .

Therefore, 2.x 1012 x. 103 x 103 = 0.20 x 1019 radical pairs are
formed/liter/1000 r.  This equ.als 0.20 x 101.9/6.02 x 1.023 .
3.32 x 10-6 moles of radical pairs/liter/1000 r.

Oxidation of Formic Acid There is no a priori reason why each
free radical need necessarily be effective in promoting the oxidation
of formic acid. The recombination reaction,

H + OH = H20 ;

is considered to be substantially 100% effective in pure water since

dec6mposition into hydrogen peroxide and hydrogen does not occur

at gamma ray intensities employed in the present work.

It is remarkable, however, that the rate of the formic acid oxidation

is 3.2 x 10-6 moles/liter/1000 r and in excellent agreement with the
values obtained above.   In this case the reaction· sequence is:

(1)Based on Fricke and Brownscombe's value of 17.4 x 10'6 equivalents
Fe++ oxidized/liter/1000 r.

(2)D· E. Lea, Actions of Radiations on Living Cells, p. 51, (The
MacMillan Co., New York, 1947).
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H20 =H+O H

H + HCOOH = HZ + HCOO

HCOO  +  OH  =  H20  +  C 02

One molecule of formic acid is decomposed into hydrogen and carbon
dioxide per pair of hydrogen and hydroxyl radicals produced.

Therefore the rate of free radical production in dilute aqueous .
solutions must be fairly close to 3.2 x 10-6 moles of hydrogen and
hydroxyI radicals/liter/1000 r.

2.2.4 The Gamma Ray Induced Benzoic Acid-Water Reaction

Work was continued on an identification ofthe products formed during
the reaction of hydrogen and hydroxyl radicals with benzoic acid in
aqueous solutions. This.reaction yields a very complex group of
products. At present positive tests have been obtained for benzene,
phenol, salicylic acid, carbon dioxide and hydrogen: Highly probable
products also include benzaldehyde, m- and p -hydroxybenzoic acids
and the 0-, m-, and p-phenylbenzoic acids. Positive identification
has, however, not been achieved on these products.

During irradiation of 0.02 M benzoic acid in 0..001 N HZSO4 at dose
rates of 25000 r/hr, a white precipitate collects in the bottom of
the irradiation cells. Since all solid products containing one ben-
zene ring would be soluble in water, at about 0.001 M, it was con-
cluded that this product must contain molecules having at least two
benzene nuclei. The structure, therefore, would provide an im-
portant clue as to the nature of interrriediate radicals. Consequently
considerable effort was made to identify this insoluble product.

This product is soluble in alcohol and sodium hydroxide and has a
melting point range of 150° to 200°C. Furthermore, it has a neutral-
ization equivalent weight of 197.  This is in excellent agreement with
that of 198.2 for the phenylbenzoic acids. The equivalent weight of  ,
diphenic acid, anothert probable product, i& 121.  However, all at-
tempts to separate the product into individual ,compounds having sharp
melting points have been unsuccessful.  Work is still in progress.

190
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In view of the agreement between the equivalent weight of the product
and that of phenylbenzoic acid, it is quite ·likely that this is the
product formed. This points to the production of phenyl free radi-
cals. A scheme such as the following will account for the products
fornned.

H20 =H+O H

C6H5COOH + H= C6H5COO + HZ

C6H5COO = C 64 + COZ

C6H5COOH +H= C6H4COOH +H Z

C6H5COOH + OH = C6H4C00H + H20

l                  C6H5 + C6H4COOH = C6H5C6H4COOH

C 6H5   +   OH   = C 6H5OH

C6H4COOH + OH = C6H  (COOH)(OH) .

This complex behavior of benzoic acid on irradiation given clues as
to the nature of products that will result when other aromatic organic
connpounds are studied.

2.3  Application of Mass Spectrometry to Chemical Problems   (D. A. Hutchison,
W. Verbanec)

The construction of the principle parts of the mass spectrometer for the
mass one-to-ten range has been essentially completed during this quarter.

2.4 Reaction,of Beryllia with Steam (L. Grossweiner)

Further data are being accumulated on the reaction of beryllia with steam
at low water vapor pressures.  The low pressure data reported previously(1)
were somewhat fragmentary and appeared slightly questionable.(1)

(1)ANL-4359, section 2.4.
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3 RADIOCHEMISTRY

3.1 Total Fission Product Cross Section (D.. W. Engelkemeir, T. B. Novey,
4E. P. Steinberg)
*

The final results of the total fission prodiict cross section dete.rniination(1)
will be available as soon as the check experiments discussed in the previous ..

quarterly report(2) are completed. These ai:e now in progress.

3.2 Absorption Cross Section of Samarium  (L. E. Glendenin, E. P. Steinberg)

A sample of fission samarium has been separated on an ion exchange column
and is being used to check the possible existence of a long-lived isomeric
state of Sm149 as rnentioned in the previous quarterly report.(3) The sample
contained about 100 microcuries of Sm with less than one percent con-

151

tamination by europium. Examination in the beta-ray spectrometer (see
151also section 3.10.4 of this report) showed the simple beta spectrum of Sm

with an end-point of 75 Kev; there was no indication of conversion electrons.
.

Absorption in aluminum and beryllium using the magnetic "bender,  how-
ever, showed the presence of ca. 6 Kev x-rays (L x-rays) in the samarium
in an abundance of approximately one percent of the beta activity of Sml51
This confirms earlier work by Marinsky and Glendenin at M.I.T.(4) Scharff-
Goldhaber, et al.,(5) have shown recently that the L x-rays in the M.I. T.                    4
sample arise from a 21-Kev gamma ray transition. The samarium sample
isolated here will also be examined in the mass spectrometer to determine
whether the x-rays arise from the decay of Sm or another isotope of151

sannariurn.

(1)Preliminary results were reported in ANL-4359, section 3.1.

(2)ANL-4380, section 3.1.                                                        -

(3)ANL-4380, sectioh 3.2.

(4.)personal communication.

(5)G.  Scharff-Goldhaber,  E. der Mateosian,  M.  McKeown,  and  A. W. Sunyar,
Bull. Am. Phys. Soc. 25, No. 1, 18 (1950).                                  -
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3.3  Abundance of'Krypton in the Atmosphere  (A. G. Engelkemeir,' E. P. Steinberg)

Work begun during  the last quarter  on the determination  of the abundanc e
of krypton in the atmosphere has been continued.(1)  It is now hoped that
the measurement can be made by determining the amount of the 9.5-yr Kr85
produced by neutron activation of the element (cross section of ca. 0.036
barns) contained in the total rare gases from a sample of air. After the
short-lived argon, krypton and xenon activities have decayed completely,
there may be still some activity in the sample due to the  34.1-day A37.
The A37 may either be discriminated against in counting by reason of its
very low energy (2.8 Kev K-capture) or it may be separated from the
krypton with added carrier krypton by utilizing the difference in vapor*
pressure of argon and krypton at liquid nitrogen temperature.

The adsorption isotherms of krypton and argon on activated coconut char-
coal at -80°C have been determined as a preliminary step to the rare gas
separation, should a complete separation be necessary. The efficiency of
calcium carbide at 950° to 1000°C for removing nitrogen from gross quan-
tities of air has been determined and the completeness of clean-up of
traces of oxygen, nitrogen and other non-rare gases in air with uranium,
calcium and calcium activated with liquid ammonia is being studied.  In
addition, a sample of argon is being irradiated to determine the cross
section  of the element  for the formation  of  A37.

3.4 Cross Section and Fission Yield of Xenon 133  (L. E. Glendenin,
E. P."Steinberg)

Recent mass spectrometric determinations of the relative abundances of
fission xenon isotopes by Thode, et al.,(2) and of fission cesium isotopes

'                by Inghram, et al.,(3) indicate a considerable discrepancy between the
yields of 5.3-day Xe133 (6.3%) and its stable daughter CS133 ( S 5.4%).
Since the yield of Ne133 was measured after a short irradiation and the

133
yield  of C s after a long irradiation, it is possible that a large neutron

capture cross section of Xe might account for the discrepancy.  A133

cross section of ca. 150,000 barns would be required to resolve the dif-
ference in observed yields.

A cross section of this magnitude can be determined directly by the simple            f
experimental method of depletion by neutron irradiation. A vacuum line
has been constructed for the isolation of pure 5.3-day Xe133 from uranium

(1)See ANL-4380, section 3.3.

(2)J. Macnamara, C. Collins, H. Thode, Phys. Rev. 18, 129 (1950).

(3)M· Inghram, D. Hess, J. Reynolds, Phys. Rev. 76, 1717 (1949).
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133fission products. Aliquots of the Xe activity will be measured in gasI counting cells before and after various periods of irradiation in CP-3.
The cross section may then be calculated from the depletion in activity
and the time of irradiation.  For a cross section of 150,000 barns the
depletion would be about 1.5% per day in CP-3.

It is not impossible that a cross section of this magnitude for Xe would133

4           have been overlooked in the operations at HEW.

3.5  Search for the Radioactivity of Z rg3  (L. E. Glendenin, E. P. Steinberg)

, A sample of zirconium was isolated from a fission product concentrate of
an HEW slug which had been irradiated.                        f

-    -The zirconium was isolated carrier-free by a succession of
steps involving manganese dioxide precipitations and cupferron extractions.

An aluminum absorption curve taken on a beta proportional counter havingan 0.7 mg window appeared to be characteristic of the 65-day Z r 95.  A
95carrier-free sample of pure 65-day Zr .counted under the same conditions

was compared with this sample. This comparison indicated the possible
presence of a soft beta of ca. 1 mg half-thickness in the fission product

95zirconium sample, but not in the Zr tracer. This activity may be as-sociated with the "missing" Zr93. The abundance of this soft radiation wasabout 25 to 30% of that of the 65-day Zre radiation.  If the soft radiationis due to Z rg 3 and its half-thickness is not considerably less than 1 mg, alower limit of ca. 107 years can be set for the half-life of Zr93.
.i

Further work is in progress to establish the radiations and half -life of
this activity more definitely.

3.6  The Slow Neutron Capture Cross Section of C12 (G. Hennig, H. C. Urey*)

The determination of the cross section of C12 for the (n,y ) reaction hasbeen completed and a final report(1) has been issued summarizing the ex-
perimental data.

The slow neutron capture cross section on C12 was obtained directly from
the increase in C13 concentration in graphite irradiated at HEW. -The value
obtained  i s  3.2 9  t  O.1 5  x   10-27  cmz/atom  of  C 1 2  or   3.2 7  1  0.1 5  x  10-27crni/atom for carbon of normal isotopic concentration.

*The Institute for Nuclear Studies, University of Chicago.
(1)ANL-4410, G. R. Hennig (February 24, 1950).
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3.7 Beta-Gamma Angular Correlation Studies  (T. B. Novey)

The beta-gamma angular correlation studies discussed in the previous
- quarterly report(1  have been continued and a positive correlation has be.en

found in the case of Tm   . The apparatus used in these measurements was170

described in the previous report.11)

Trn170 An extensive. study of the radiations from Tm170 has·been made.
As this nuclide has a very high ft· value it might be expected to show

- angular correlation in the beta-gamma ray cascade. Preliminary measure-
ments on the angular correlation indicated a value for € in the correlation
equation,(2) 1+ € cosze,of about 0.4 1 0.1.  As the true coincidence rate
was very low (ca. 1 c/min) further measurements were made to attempt to
identify the radiations in coincidence.

Several investigators have reported on the decay scheme of 'Tm170 but the
data are ·conflicting. Richards and Saxon, (3) on the basis of spectrographic
data, reported an allowed shape beta spectrum with Eo      = 0.970 t 0.010p inax
Mev followed by a gamma ray of energy 0.0858 t 0.0005 Mev. The gamma
was reported to be converted in the K, 6, and M shells to a total amount of

9% ;     aK   -    0.031,    a L    -    0.043,     aM    =    0·017.

----Graham and Tomlin(4) also found an allowed beta spectrum with E 8      =max
0.970 t 0.005 Mev and a gamma ray of energy 0.0827 Mev. They found the

- gamma converted with aL - 0.2 and aK - 0.4, and from the constancy of

-                   N(8  - e-L)/N  in. coincidence measurements they stated that there was no
branching.

Fraser(5) found two components in the Fermi plot of the spectrum having
energies of 0.970 + O.005 and 0.886 1 0.005.Mev, the latter being in cascade
with a 0.0839 t 0.0002 Mev gamma  ray  to the extent  of  10%. The gamma.wa s
found to be 80% converted; a K = 0.08·, aL = 0·55, a M = 0.17.

(1)ANL-4380, section 3.6.

(2)D· L. Falkoff and G. E. Uhlenbeck, Phys. Rev. 11, 649 .(1948).

(3)J. Richards and. D. Saxon, Phys. Rev. 7-6, 186 (1949).

(4)R. L. Graham, D. H. Tomlin, Nature, 164, 278 (1949).

-            (5)J. S. Fraser, Phys. Rev. 76, 1540 (1949).
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The following points were examined in this laboratory by coincidence
measurements:

1.    The number of gamma rays emitted per disintegration of  Tm 170

2.  The number of conversion electrons emitted per disintegration
of Tm170

3.  The gamma or x-ray components that would produce coincidences
in the scintillation beta-gamma arrangement.                                         ··

The first point was determined by calibration of the efficiency of the gamma
141

crystal counter with the x-rays and gamma rays from Ce   . This calibra-
tion is at present somewhat uncertain, but leads to a value of about 2.6%.
unconverted gamma rays per disintegration. The calibr·ation was done by
D. W. Engelkemeir. The conversion coefficients were determined from
8-e- coincidence methods and x-ray.counting. The coincidence method
gave a value of 0.20 for It and M conversion (K conversion electrons are
too soft to penetrate to the anthracene crystals). Counting of K x-rays led
to a value of-0.045 for K conversion.

These data indicate a branching of about 27% to the excited state, 73% of
the decays of Tm170 leading directly to the ground state of Yb170. A possible
decay scheme is shown below. These results are in agreement with those
of Fraser.

Trn170 Yb170

2 7%    0.8 9  Mev  B
73 %

0.97 Mev B     

     2.6% 0.084 Mev 7
\11 24.5% K, L, M, -: e-

Copper gamma absorption curves of the beta-gamma coincidences indicated
two main components, 84 Kev gamma rays and K x-rays, with counting
rates at zero absorber inthe ratio of 1.3 to 1. Asthe first correlation
measurements were nhade at zero absorber, and as no correlation is ex-
pected for K.x-rays, this would mean € = ca. 1 for the beta-gamma cor-

-/-

relation. The correlation measurements were repeated to test the effect

465 096
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of gamma absorber on the correlation. The vacuum chamber was removed
and the crystal counters moved closer to the source (geometry factor
ca. 1.4%) in order to raise the ratio of true to chance coincidences.  The
source strength was increased so that the true coincidence rate was about

30 c /rnin and the chance rate about 40 c/rnin at zero garilma absorber, and
9 c/min and 18 c/min respectively with 1  g/crnz of copper over the gamma
crystal (zero gamma absorber means sufficient bakelite absorber over the
gamma crystal to absorb the beta rays).  .At zero gamma absorber

r                € = -0.104 + 0.037 and at 1 g/crnz of copper absorber € = -0.259 t 0.053.
w               The effect increased by a factor of 2.5 as expected from the amount of

x-ray present.

The discrepancy between these values of € and the preliminary value of
0.4 is probably due in part to the effect of air scattering in the latter ex-
periments where a vacuum chamber was not used. Also, as the counting
rate was very low, possibly a small gamma scattering effect could have             d
caused an error.            '                                                         0

4,

Rb86 A beta-gamma angular correlation has been reported by Frankel(1)           f
with €= -0.094t 0.015.

A sample of rubidium nitrate was neutron irradiated and
purified from                  cesium activity with a Dowex 50 resin column. Measurements at zero and           1

90 degrees gave the result.€ = +0.035 + 0.020. This indicates no significant
correlation above statistical error and is in agreement with results obtained
by R. Garwin. (2)

C060 Beta-gamma angular correlation measurements by others on this
isotope have shown no correlation. To check the apparatus measurements
were  made  on this isotope  and no correlation found.

Sc46 Gamma-gamma angular correlation measurements were made on
• this nuclide to check the work of Brady and Deutsch. (3) They found

€ = 0.20 + O,035.  We find € = 0.13 in satisfactory agreement.  Problems
of scattering are difficult in these measurements.  Gold and lead absorbers
were used around the source to prevent scattering from one crystal to the
other, but as the effect of scattering is to reduce the correlation there is
some uncertainty in the result.

(I S. Frankel, Bull. Am. Phys. Soc., it, ·No. 7, 14 (1949).
*

(2 )private communication.

(3)E· L. Brady, M. Deutsch, Phys. Rev. 72, 870 (1947).

.....
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3.8 RaDEF Standard Sources for Beta Disintegr.ation Rate Determinations
(T.  B.  Novey)

Two sets of weightless radium DEF calibrated beta sources have been

prepared according to the procedure described in the previous quarterly
report(1) and are available for distribution where heeded.  One set of ten
have an area of one crnz and the other four mmz.  The beta di sintegration ..1

rates are in the' neighborhood of 10,000 d/min. Standard error due to

counting statistics is 0.2%. Details of the application of these standards                 '-,
to beta disintegration rate determinations are given in a paper being
published in the near future in Reviews of Scientific Instruments.

3.9 Scintillation Spectrometer (E. Avery, B. Smaller)

The pulse height analyzer described in the last report(2) was tested in a
scintillation spectrometer arrangeelent using 1P21 photomultiplier tubes
for detectors, anthracene crystal sciritillators, and a Cs source. While137

the pulse analyzer' functioned as expected, the "spectrometer" was not able
137to resolve the conversion line in the Cs spectrum. End-window type 5819

photomultipliers were sub stituted for the 1 P21's with better results.  Each
of six tubes tried gave at least some indication of resolving the conversion
line, with one giving ·much better resolution than the others.   With this tube
the  width of the conversion line at half maximum was 20% of the average
conversion line pulse height.

Calibration of the instrument is being deferred until some modifications
can be made to improve the stability and convenience of operation.

3.10 Beta-Ray Spectrometer·Studies (M. Freedman, J. May, R. Pairs,
W. Ramler, M. Rusnak)

..

3.10.1 Radiations of Ce141 (D. Engelkemeir, M. Freedman)

The beta-ray spectrum of Ce was measured with the double lens141

spectrometer and analyzed into two components with maximum

energies of 581 Kev and 442 Kev. Two lines were superimposed
on the continuum which correspond to the K and L conversion lines
of a 145 Kev gamma. The ratio of the number of conversion elec-
trons to the number of continuous beta particles was found to be
0.254 with a K L ratio of 5.5.

(1)ANL-4380, section 3.7.

(2)ANL-4380, section 3.8.1.
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The gamma spectrum, obtained by the use of a thin gold radiator,
showed  only one photo  line  from  a 1 4 5 Kev gamma.    A 3 1 5 Kev gamma
reported by ter Pogossion, et  1.,(1) has been shown to be due to
Paz33 arising from Th 32 impurity in the cerium oxide irradiated at

233ORNL. The identification of the contaminant as Pa was verified
both chemically and by means of beta-ray spectra of the purified

.                                 contaminant.

1,
Beta-gamma coincidence measurements indicated that an ca. 420 Kev
beta group was in coincidence with an ca. 150 Kev gamma and that
the high energy beta group was followed by very little, if any, gamma-
ray energy. Beta-conversion electron coincidences yielded a value
of 0.7 for the conversion coefficient, which is considerably higher
than the value of 0.254 obtained from the spectrometer.

It is planned to repeat the spectrometer measurements with a sou·rce
of higher specific activity to see if this discrepancy can be resolved.

3.10.2  The Beta Spectrum of Ru106 (M. S. Freedman, E. P. Steinberg)

.1

Sample Preparation A sample of 1.0-yr Ru106 of very high specific
activity (10 Mc/Bg) was isolated from a dissolver solution of an HEW
slug during some volatilization studies being made at the West Stands.
The RuO4 was trapped in about 25 mI of 0.1 N HCl containing a few
drops of Hz02· The solution was then concentrated by evaporation on
a steam bath until its activity was ca. 10 Fc/X. A total of about
5 mc of 1.0-yr Ru106 was isola€ed.

Since a thin, uniform source seems essential to an unambiguous
interpretation of the beta spectrum of the soft radiation emitted by
Ru106 (see below), attempts have been made to improve on the pres-
ent  technique for sample preparation. Evaporation techniques in

atmospheres of ammonia and hydrogen sulfide to precipitate com-
pounds of ruthenium from solutidn during evaporation did not produce
uniform deposits.  It was felt that an electroplating technique might
proge satisfactory and some preliminary work has been done on the
plating of ruthenium from solution. The compound RuNOC13 HTO was
prepared by refluxing RuC13 with aqua regia for two days(2) and
evaporating to dryness.  The salt was recrystallized and a plating

-

(1)M· ter Pogossion, C. S. Cook, C. H. Goddard, J. E. Robinson, Phys.
Rev. IA, 909 (1949).  See in particular the note added in proof.

(2)J. L. Howe, J. Amer. Chem. Soc. 1.6,388 (1894).
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1   0  i
solution prepared by solution in dilute sulfuric acid.(1) Rutheniurn
metal was successfully plated onto a brass cathode in some trial
runs. The reduction in scale from plating on a macroscale to plating
a few micrograms of ruthenium onto a thin plastic film cathode
(made conducting by an Aquadag coating) over a small well-defined
area is now in progress.

.:

106B eta Spectrum The beta spectrum of Ru has been investigated.
on several samples of varying thicknesses and purities.  In the
double lens spectrometer for beta rays of moderate to high energy
one microcurie of beta activity gives a counting rate of at least
1000 c/min at the most probable energy, for the usual transmission

106setting of ca. 1 %.  In the case of Ru , however, 50 Kcurie samples
were required to obtain this rate, whereas the proportionality of
the effective " slit width," AH p, to Hp w6uld lead one to expect that
the same counting rate would obtain for a given sample.strength,
independent of energy.

The low effective transmission for low energy betas may well be
an instrumental effect of which we are unaware. A· similar effect
has been observed in studies on the spectr.um of Ac227. An examina-

147tion of the beta spectrum of 3.74yr Pm is in progress to check
this point. This nuclide has been found to have an allowed (linear)
Kurie plot from Eo =  223  Kev down to  <8 Kev.(2) Calculations  on   
this spectrum are in progress.

It is possible that this anomaly .is associated with the efficiency
of the anthracene scintillation counter which is used as the detector
in the beta-ray spectrometer. The efficiency of the counter in this               ..
energy region may be less than the previously reported(3) measure-
ments indicated. This point will be checked.

Because the beta radiation is so soft (Eo = 38 Kev) sample absorption
might easily account for the loss of intensity. Several samples of
various thicknesses in the range 10 to 100 Kg/crnz all showed such
a loss of intensity, and to roughly the same extent, so that it seems
uncertain that self-absorption is the explanation.  We are, however,
pursuing this possibility by trying to deposit thinner, more uniform
samples by an electroplating technique (see above).  It is evident

(1)F. Zimmerman, H. E. Zschiegner, U. S. Patent # 2,057,638
(October 13, 1936).

(2)H· C. Price, Jr., J. Motz, L. M. Langer, Bull. Am. Phys.·Soc. 24,
No. 7, (November 25, 1949).

(3)ANL-4380, section 3.9.3. 465 J.. L  v
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by inspection and by autoradiographs of the sources prepared by
evaporation that the samples have gross non-uniformities, and the
nominal thicknesses quoted are much lower.than the effective
thickness.

.

./ 3.10.3  The Beta Spectrum of Tc99  (M. S. Freedman)

The 8
-

spectrum of 106-yr TG   has been measured on samples
*                       prepared by S. Fried. The spectrum is simple, with Eo = 300 Kev

(inspection). Because of the low specific activity it is necessary
to spread the ca. 0.5 mg of sample uniformly if the low energy end
of the spectrum is not to be unduly distorted by self-absorption.  A.
technique using very dilute Le Page's glue to suspend the sample
particles gives a very uniform sample dispersion on the ca. 10 lig/cm2

backing film, and adds only ca. 100 11 /crnz of glue to the sample
thickness. The calculations for the Kurie plot are in process.  The
transition has an Ift of ca.  1013, and is expected to exhibit a non-
linear Kurie curve.

3.10.4 The Beta Spectrum of Sm151 (M. Freedman)
151The beta spectrum of ca. 20-yr Sm has been studied on sarnples

prepared by L. E. Glendenin by resin absorption from old fission
products (see section 3.2 of this report). A simple beta spectrum
was found with Eo = 75 Kev (inspection). Careful surveying revealed
no evidence of the conversion lines expected in the region of 5 to
20 Kev, corresponding to the lix-rays which have been observed
by Glendenin and Marinsky or to the 21 Kev gamma reported by
G. Scharff-Goldhaber at Brookhaven.
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4 ANALYTICAL PROBLEMS

4.1 Spectrographic Analysis (J. K. Brody, J. P. Faris, M. Fred, J. A. Goleb,
F·. S. Tomkins, M. Walsh)

/ ·.

4.1.1 Service

From October 1 through December 30, 1949, 407 samples were
analyzed spectrographically. The distribution of these samples
according  to the section submitting  them is shown in Table  XXIV.

TABLE XXIV

Breakdown of Spectrographic Service Analyses

Number of Source

Sannples

57             Chemistry (C-I)

35             Chemistry (C-II)

31 Health Physics
U.

72    , Metallurgy

183 Naval Reactor

12 Special Materials

3                      Physics

14                       Miscellaneous

407

, 02
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4.1.2 The Spectrum of Neutral He3  (J. K. Brody, M. Fred,
F.S.Tornkins)

Measurements of He3-He4 isotope shifts and He3 hyperfir-e structure
previously reported(l) have: been improved to nearly· the limit pos-

L. sible with present equipment. Direct evidence has been obtained
w                        for the negative sign of the He3 moment. Experimental data have

been obtained on the influence of pressure on He3 and He4 lines
which indicate a difference in pressure shifts for the two isotopes,

*                       contributing to the observed isotope shifts. Measurements at low
pressure and low current considered most reliable for comparison
with theory are listed in Table XXV. The shifts, listed in cm-1,
are the mean value of a number of different exposures and different
interferometer spacers.  The mean deviations, in 10 Cm , are

-3 -1

also listed, with the total number of fringe differences measured

in parentheses.

At the present time the isotope shifts are being calculated from
theory for comparison with the measured shifts. A previous obser-
vation has been made (1) that the deviations between theory and
measurement for lihes originating from transitions between high
S.and Dto ZP levels are proportional to the square root of the term
values of the upper states. However, when the theoretical shifts
are corrected for He3 hyperfine structure, this relationship no
longer holds.

4.1.3   Application of Photomultiplier Tubes to the Isotopic Assay
of U238-U235 Mixtures  (J. K. Brod·y)

The isotope .shift in the 4244.37A line of uranium can be resolved
using the photomultiplier tube pickup and the second order of the

• Baird three-meter grating spectrograph.  The two lines are sepa-
rated by 0.29A or, with the second order dispersion of 2.7A per mm,
by ca. 0.1 mm in the focal plane of the spectrograph. Figure 26
shows several tracings of the two isotope lines, indicating the excel-
lent resolution obtainable  with the photomultiplier pickup. (2)

(1  ANL-4359, section 4.1.2; J. K. Brody, M. Fred, F. S. Tomkins,
-               Phys. Rev. 75, 1772 (1949)...                                                                                                                                                                                                                                                                   -

(2)See ANL-4232, section 4.1.3; ANL-4359, section 4.1.3; ANL-4380,
section  4.1.4 for discussion of the photomultiplier pickup system.
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TABLE XXV

Isotope Shifts in the Helium Spectrum

Transition Wavelength -tv Error
(A) Observed' (10-3 cm-1)(cm-1)                       -  ,

2'P-33S 7065 -0.038 5(17)
4 4713 0.297 5(24)
5 4120 0.438 5(35)
6 3867 .0.508 7(12)

23P-33D 5875 0.123 7(24)
4 4471 0.360 5(19)
5 4026 0.474 4(43)
6 3819 0.547 6(38)
7 3705 0.592 7(20)

Zip-31S 7281 1.046 5(14)
4 5047 1.333 4(17)
5 4436 1.461 4(27)
6 4168 1.529 1(15)

Zip-31D 6678 1.124 4(26)
4 4921 1.358 6(21)
5 4387 1.462 5(30)
6 4143 1.512 4(32)
7 4009 1.532 7(25)

23S-23p 10830 1.151 3(7)
3 3888 1.404 9(32)

2 S-3lp 5015 0.849 3(34)
4 3964 1.165 5(73)
5 3613 1.304 4(34)

0,

.. .... ie 4
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lot
The tracings were made with the Leeds and Northrup Ratio Recorder
using the 4051.91A uranium. line  as an internal standard. The entrance
and exit slits were 0.025 and 0.010 mm respectively. The corr,espond-
ing equivalent widths (actual width times dispersion) are 0.063A and            -
0.025A.

The spectrum was excited in a Schiller type water-cooled hollow 0

cathode tube, with an iron cathode and a 2:1 mixture of argon and
helium at a pressure of 3 mm Hg as the carrier gas.                                  '-

Some preliminary determinations of isotopic ratio on a 30% enriched
sample show a mean deviation of 0.18% absolute.

4.2 Chemical Analysis  (R. W. Bane, B. Holt, R. C. Hospelhorn, K. J. Jensen,
R. Telford)

4.2.1 Service                                                   '

From October 1,1949 through December 31, 1949, 263 samples were
analyzed. The distribution of these samples according to·the division               -

submitting them is shown in Table XXVI.

A total of 93 specimens of zirconium metal submitted by the Naval
Reactor Division were analyzed for carbon.  Also nine stainless
steels weire analyzed for manganese, phosphorous, sulfur, silicon,
molybdenum, columbium, copper, and chromium requiring 55 deter-
minations performed in duplicate.  It is worthy of note here that                 „
Table XXVI does not give a true picture of the work actually ac-
complished by the group inasmuch as only nine. samples of steel
were recorded while many more analyses were performed.

Forty-six samples of lead-tin alloy were analyzed for tin in order

to supply data to the Metallurgical Division in the determination of
diffusion coefficients for tin and lead. A number of lithium metal                 i
samples were analyzed for nickel; iron, and chromium.  For the
Chemistry Division, 15 samples from the protactinium recovery
process from ionium waste solutions were analyzed for fluoride,
sulfate and acidity.                                                                                                        - .

The Special Materials Division submitted  11  samples for uranium
,-

analysis. Included were Zr-U alloys containing U235.  All of these                  z
samples were submitted for inventory purposes.

465
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TABLE. XXVI

Breakdown of Chemical Service Analyses

Number of Source

-                                                                    Sample s
t2

*, 34 Chemistry (C-I)

3         Chemistry (C-II)

73              Metallurgy

102 Naval Reactor

27 Chemical Engineering

6                Medical

4 Experimental Nuclear
Phy s ic s

2 Mass Spectroscopy and
Crystal Structure

11 Special Materials

1                Miscellaneous
&

263

4.2.2 The Determination of Hydrogen in Sodium-Potassium Alloy
(B.D.Holt)

Extensive, but rather unsuccessful attempts,have been made in·this
laboratory to apply the meth6d 61 Pepkowitz and Proud\1/ to the de-
termination of small amounts of hydrogen in sodium-potassium alloy.
The difficulty appears to be due primarily to incomplete decomposition
of some hydrogen-containing compounds at the temperatures obtaining
under the conditions imposed by the method.

.

A report(2) has been issued summarizing the difficulties which this
laboratory has had with the method.

.

(1)L. P. Pepkowitz, E. R. Proud, Ind. Eng. Chem. Anal. Ed. Al, 1000
(1949)

(2)ANL-4388, B.·D. Holt (January 4, 1950).
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4.2.3  Note on the Analysis of Wax for.Carbon and Hydrogen

(R. Hospelhorn)

Six samples of "refined wax" to be used as.a moderator were re-                   -
ceived for hydrogen analysis.

...

Analysis of the sample by the usual combustion method (ignition of                  9
the sample in oxygen and weighing the water formed) gave very

.-

erratic results. These values seemed to indicate incomplete oxi-
dation.  The wax sample was therefore mixed with pre-ignited c                    2
copper oxide in the ignition boat in an attempt to overcome this
difficulty. Consistent hydrogen values resulted. Carbon was also
run to check on the material balance. The first two samples tried
gave extremely low carbon values, again indicating incomplete
oxidation. The hydrogen values were the same as those previously
obtained. In order to provide greater oxidizing power and to in-
crease the length of time the sample gases were in contact with
hot copper oxide, the length of the combustion tube was extended
and a second furnace added to the train. This pr.oved to be adequate,
for the carbon values immediately came up to the value necessary
to give a material balance with the hydrogen values previously ob-          :
tained. The hydrogen value obtained with the longer train did not
change.

Several samples of .wax were also analyzed by the microhydrogen
method of Pepkowitz and Proud.(1   In this method the hydrogen in
the sample is reduced with magnesium metal to hydrogen gas.                       -
This gas diffuses through the iron container and the resulting pres-
sure is measured. By standardizing the method with runs.on a
known sample the amount of hydrogen in an unknown can be cal-
culated.  Two runs on the unknown wax made by B. D. Holt gave
values which were 'comparable to those obtained by the combustion
method.                                                                                                           '

:

T

.

:'
':

(1)L· P. Pepkowitz, E. R. Proud, Ind. Eng. Chem. Anal. Ed. 21,1000          -
(1949).
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5 SPECIAL PROBLEMS

.

5.1 Nuclear Induction Measurements -The Magnetic. Moment of the
..

Deuteron (H. L. Anderson,* B. Smaller, E. Yasaitis)
1

The scheme devised for the precise determination of the ratio of the deuteron
to proton ·nuclear magnetic moments was outlined in the previous quarterly
report.(1) Further refinements have been made in the measurement and it
ib estimated that a precision of at least one part in 107 should'now be ob-
tainable. Several water samples have now been measured, but a few more
check measurements must be made before the final value can be reported.
The measurements to date are in substantial agreement with Bloch's value
of 3.257.195 + 0.00002(2) for bip/ALD but disagree with Siegbahn:'6 value of
3.257135 1 0.000015.(3)

5.2 Nuclear Radii of Heavy Isotopes  (0. C. Simpson, G. H. Winslow)

) IThe calculations on the nuclear radii of heavy nuclei are being continued.

5.3  Van de Graaff Generator (S. Rocklin)

During this period the following ·service irradiations were performed.

4.. Electron Irradiations (air-cooled two mil aluminum window)
6

(1) Nineteen samples of potassium chloride fo'r C. Delbecq,
P.   Pringsheim  and P. Yuster. Conditions: voltage  =   1   Mev,

                      current = 5 to 25 Ba, time = 6 seconds to 30 minutes.
-1

(2) Twelve samples of sodium chloride for C. Delbecq, P. Pringsheim,
and P. Yuster. Conditions: voltage = 1 Mev, current = 10 to 14.5 Ba,

e time = 10 seconds to 30 minutes.

* Institute for Nuclear Studies, University of Chicago.

r (1 ANL-4380, section 5.1.
.'

(2)F· Bloch, E. C. Levinthal, M. E. Packard, Phys. Rev. 72, 1125 (1947).

(3)K. Siegbahn, G. Ludstrom, Nature 1631.211 (1949).

4
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Ill-

(3) Twenty-three samples of lithium fluoride for C. Delbecq,
P. Pringsheim, and P. Yuster. Conditions: voltage = 1 Mev,

*current = 2 to 20 Ka, time = 1 second to 50 minutes.

(4) Seven samples of mesitylene, benzene, and toluene for S. Gordon
at Ndtre Dame.. Conditions: voltage = 0.8 to 1 Mev, current = 5 pa,               v
time = 7 to 30 minutes.                                                                    j

5.4 The 60-Inch Cyclotron (J. Fitzpatrick, W. Ramler, O. C. Simpson)                  9

Construction has begun at the DuPage site on the building to house the

Argonne 60-inch cyclotron. The foundation pad for the cyclotron vault has
been poured and the piers for the magnet frame Kave been formed and
poured.

..

The magnet frame is now being fabricated by the Carnegie Illinois Steel        ·t·
Works ih Pittsburgh and is scheduled for delivery on about February 15, 19505

I   .

During this period the Collins Radio Cbmpany has been proceeding with the
V

cyclotron installation on the basis,of a letter of intent. The details of the
definitive contract with the Collins Radio Company are in the process of
negotiation.

.
\
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TECHNICAL PUBLICATIONS

October, November, and December, 1949

Y

L Classified Reports
..4-

1           ANL-4345, 10/11/49 Slow Neutron Capture Cross Section of Carbon 13.
'                                                                                                                        G.   R.   Hennig.

ANL-4359, 12/6/49 Summary Report for Jariuary, February, and
March, 1949.
Chemistry Division, Section. C-II.

ANL-4369, 12/5/49 Thermal Annealing of Neutron-Induced Discompo.-
sition in Artificial Graphite. I-Rate of Healing
Experiments.
T. J. Neubert,   al·

Unclassified Reports
.

ANL-4381, 12/13/49 Liquid Air Level Control
M. S. Fred, E. G. Rauh.

-         AECD-2680, 11/3/49 The Vapor Pressure and Heat of Sublimation of
Graphite.

t.,

0. C. Simpson;-R. J. Thorn, G. H. Winslow.

.,

Journal Articles
.r

A                Precise Measurement of the Gyrorriagnetic Ratio of He3, Herbert L. Anderson,
'Phys. Rev. 76, 1460 (November 15, 1949).--

Uber Einen auffallenden Unterschied in der Aktivierbarkeit von Kalium- und
Natrium-Halogenidphosphoren, P. Pringsheim, Acta Physica Austriaca 3,

i - No. 4, 396-404,(1949).
E

i
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' 1UNCLASSIFIED i
1        1 //4Talks                                                                                          -               -

The following papers were presented at the APS Meeting on November 25                 '
and 26, 1949.

TRaDEF Standard Sources for Beta-Disintegration Rate Determinations,
T. B. Novey, AECU-637; (abstracted in APS 24, No. 7 (November 25,-

1949) paper Bl).

b
Further Interpretations of Closed-Shell Perturbations in Fission                  -,¥
Yields, L. E. Glendenin, C. D. Coryell; (abstracted in APS &1, No. 7,
(November 25, 1949) paper P4).

C

Scintillation Studies on Potassium Iodide, M. Freedman, B. Smaller,
J. May; AECU-657;, (abstracted in APS 24, No. 7, (November 25,
1949) paper Tll).                    '

Stability of Color Centers in Alkali-Halide Crystals, P. Pringsheim;
(abstracted in APS Al, No. 7, (November 25, 1949) paper Vl).

.
.t

The following papers were presented at the Information Meeting at ORNL,
October 24, 25, 26, 1949. ..

Effect of Irradiation on the becomposition of Nitrate Crystals,                  h
1         r.

R. B. Lees. (Reprinted in TID-272, nd.)
1.

.

Effect of Irradiation on Aqueous Solutions, E. J. Hart. (Reprinted
'.1 .

1

in TID-272, nd.)
'A,

Book

14P. Pringsheim, Fluorescence and Phosphorescence (Interscience Publishers,
Inc., New York, 1949).                                                                        '· .1.6
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