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Comparison of Nuclear and Gamma-Ray Energy Scales*f
K. W. JQNKs, R, A. DQUGLAs, M. T. McELLIsTREM, AND H. T. RIcHARDs

Uei7Jessity of lViscoesin, 3fadison, Wisconsin

(Received February 2, 1954)

Cylindrical and spherical electrostatic analyzers have been used to measure the ratio of the threshold
proton energy for the Li'(p, a)Be' reaction to the Q of the Mg" (p,p') Mg"* reaction. This ratio was found to
be 1.3734+0.0007. The energy of the gamma ray from Mg'4* has been compared earlier by Hedgran and
Lind to other gamma rays whose energies have been measured absolutely by either the curved crystal, l

spectrometer method (Au"'-Caltech) or proton-moment calibrated magnetic field (Co"-Lindstrom et al.).
The present data fix the Li(P,e) threshold as 1881.4&1.1 kev in terms of the Caltech value for the Au"'
gamma, or as 1879.7+1.1 kev in terms of the Lindstrom et al. value for a Co@' gamma ray. The former value
is in better agreement with currently used nuclear energy scales.

INTRODUCTION

' UCLEAR reaction energies are usually measured
relative to certain easily reproduced calibration

values such as the threshold proton energy of the
Lir(P, e)Ber reaction or one of the sharp APr(P, y) or
F"(p,o.y) resonances. Various of these calibration
energies have been measured absolutely by electro-
static deflection of the charged incident particle'
and by a radio-frequency speed gauge. ' The estimated
precision of these absolute measurements was in both
cases approximately 0.1 percent. For some calibration
purposes' alpha particles from naturally radioactive
sources are preferred. These alpha energies have been
measured absolutely by magnetic deQection and in
some cases accuracies of 0.007 percent claimed. 4

Sturm and Johnson' have shown that Herb's scale and
the old magnetic deflection measurements agree
within 0.05 percent. Collins, McKenzie, and Ramm'
have used a proton-moment calibrated magnetic field
to remeasure some of the naturally radioactive alphas
and also nuclear reaction Q's. Their energies are
somewhat systematically higher than the old magnetic
deflection measurements. Recently Famularo and
Phillips' have measured nuclear reaction energies also
in terms of the proton-moment calibrated field and
6nd no systematic disagreement with earlier energy
scales.

An attempt was made by Williamson et al. ' to use
the 6rst excited state of Li' to intercompare the nuclear
scale with the gamma-ray scale based upon DuMond's
crystal spectrometer. Unfortunately the errors of

*Work supported in part by the Wisconsin Alumni Research
Foundation and the U. S. Atomic Energy Commission.

)Preliminary report was given at the Washington Physical
Society meeting )Phys. Rev. 91., 482 (1953)g.' Herb, Snowdon, and Sala, Phys. Rev. 75, 246 (1949).' Shoupp, Jennings, and Jones, Phys. Rev. 76, 502 (1949).' E.g., Strait, Van Patter, Buechner, and Sperduto, Phys. Rev.
81, 747 (1951).

4 G. H. Briggs, Proc. Roy. Soc. (London) 157, 183 (1936).
s W. J. Sturm and V. Johnson, Phys. Rev. 83, 542 (1951).
s Collins, McKenzie, and Ramm, Proc. Roy. Soc. (London)

216, 242 (1953).' Famularo and Phillips, Phys. Rev. 91, 1195 (1953).
'Williamson, Browne, Craig, and Donahue, Phys. Rev. 84,

731 (1951).

comparison were at that time too large to display the
0.14 percent systematic error since discovered' in the
original direct crystal measurement of the gamma ray
from Au"'.

A more precise intercomparison of the nuclear and-

gamma scales might be of great help in suggesting the
presence or absence of other systematic-errors in one
or both energy scales.

The recent precise comparison"" of a Na" gamma
ray to other gammas whose energies are absolutely
determined, makes practical another intercomparison
of the nuclear reaction and gamma-ray scales. The
gamma rays following the beta decay of Na'4 corre-
spond to transitions between states of a stable isotope.
Therefore the location of these excited states can be
readily examined by inelastic scattering of protons
from Mg".

An earlier communication" from this laboratory
reported measurement of the first excited state- of
Mg'4 by inelastic scattering and also by the
Al" (p,n)Mg" reaction. No inconsistency between
the nuclear and gamma-ray scales was evidenced.
The present measurements are an attempt to improve
signihcantly the precision of the intercomparison.

Since the Li'(p, n) Be' threshold is perhaps the most
convenient and widely used nuclear calibration reaction,
we attempt in the present work to determine accurately
the ratio R of the proton energy for the Lir(p, e)Be"
threshold to the energy of the first excited state of
Mg'4. The latter can then be easily related to the
gamma-ray scale by the measurements of Hedgran
and Lind. ""

EXPERIMENTAL PROCEDURE

A cylindrical electrostatic analyzer" was used to
select monoergic (&0.06 percent) incident protons.
The energy of the incident protons TJ is proportional

'Muller, Hoyt, Klein, and DuMond, Phys. Rev. 88, 775
(1952)."D.Lind and A. Hedgran, Arkiv Fysik 5, 29 (1952).

"A. Hedgran and D. Lind, Arkiv Fysik 5, 177 (1952).
~ Donahue, Jones, McEllistrem, and Richards, Phys. Rev. 89,

824 (1953).
'8 Warren, Powell, and Herb, Rev. Sci. Instr. 18, 559 (1947);
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one water-cooled and the other liquid air-cooled,
separated the diffusion pump from the system.

To get suNcient intensity of the protons scattered
inelastically by Mg", it was advantageous to set
the incident proton energy to correspond to the known
resonance" at E„=2.41 Mev. This resonance is only
~300 ev wide and hence modifies appreciably the line

shape as seen by the spherical analyzer. This modifica-
tion is discussed below in the analysis of the results.

Typical data including a platinum intercalibration
edge before and after the run are shown in Figs. 1, 2,
and 3.

METHOD OF DATA ANALYSIS
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where the unprimed P's refer to the actual potentiom-
eter settings, and the primed P's are corrected for
analyzer fl.rst-order relativistic eGects; k, or k, is the
energy proportionality constant for the cylindrical or
spherical analyzer. Conservation of momentum permits
T3 to be expressed also in terms of cylindrical and

The ratio E of the proton energy for the Li'(p, e)Be'
threshold to the energy of the erst excited state of
Mg'4 can be expressed explicitly in terms of potenti-
ometer settings for the two analyzers. The energy
of the first excited state is just the —

Q for the
Mg" (p,p')Mg * reaction and hence equals T&—Ts—Ts,
where the T's are the energies of incoming, outgoing,
and residual nuclei, respectively. T& and T2 are of
course immediately expressible in terms of the cylindri-
cal and spherical analyzer potentiometer settings, e.g.,

l00—
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FIG. 3. Typical data on protons scattered inelastically by
Mg~. The theoretical line shape is discussed in the text and in
Fig. 4;

spherical analyzer potentiometer settings since, for
inelastic scattering,

Ts Ti+Ts ——2—
i T,Ts

i
cos8 +V,

where V is a small relativistic correction" which for
the present case is only 0.00022 Mev; M& and M3
are the masses of proton and Mg'4, respectively.
Therefore, when values for the masses" and. the cos8
are substituted,

Pg;k,

1.04199Ps'k, —0.958007P&'k.—0.058672 (Ps'P&'k, k.)&+0.00022 Mev

Intercalibration of the two analyzers via the platinum
scattered edges gives the ratio k,/k„which is the only
other constant necessary for the calculation of R
from the data. (An approximate" value of k, is of
course necessary for the calculation of the small
relativistic correction V.) If 0.98259 is taken as the
relativistically correct ratio of scattered to incident
energy when a proton is scattered elastically from
platinum at tIP=134'21', and if correction is made for
the energy carried by the electron of the incident
diatomic hydrogen ion, one can easily show that

k,/k, =0.491161P,s'/P, „'.
The P,&' comes from the cylindrical analyzer potentiom-
eter setting for the incident diatomic beam and P,„'
comes from the spherical analyzer potentiometer
setting for the half-yield point on the high-energy

'OMooring, Koester, Goldberg, Saxon, and Kaufmann, Phys.
Rev. 84, 703 (1951).

cutoff for protons scattered from a thick platinum
target (see Fig. 2).

PL;, the cylindrical analyzer potentiometer setting
corresponding to the Lir(p, m)Ber threshold, is chosen
as the linear extrapolated cutoff similar to the method
of Herb, Snowdon, and Sala. '

The choice of the spherical analyzer potentiometer
setting (Ps) appropriate to the energy of the protons
scattered inelastically from Mg'4 is more diKcult
because the resonant character of the scattering cross
section invalidates earlier line-shape analysis" which
showed that the half-yield point is the signi6cant
potentiometer setting when the reaction cross section
is constant. To 6nd P2 one can, for this narrow resonance

"Craig, Donahue, and Jones, Phys. Rev. SS, 811 (1952).' Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 517
(1951);C. W. Li, Phys. Rev. SS, 1038 (1952)."k, actually is known to better than 0.1 percent."R. M. Williamson, Ph.o. thesis, University of Wisconsin,
1951 (unpubhshed).
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( 300 ev), treat the cross section for inelastically
scattered protons as a 8 function. Because of the finite
spread in energy of the incoming beam, there will be
some protons which after losing energy in the target
arrive at the resonant energy. If one knows the energy
distribution of the incoming beam, and the energy
acceptance window of the spherical analyzer, then one
can easily compute the expected line shape and the
point on the curve which corresponds to the energy
of the inelastically scattered protons. Graphical
integration for the measured analyzer windows, etc. ,
gives the line shape expected (see Fig. 4) and indicates
that P2 is 0.165&0.017 percent less than the extra-
polated cutoff. The error in this correction to the
extrapolated cutoff was estimated by performing
graphical integrations for reasonable deviations of
analyzer windows from measured values and for slight
deviations of the mean bombarding energy from the
resonant energy.

P&, which is proportional to the resonant energy for
the inelastic scattering, is Axed approximately by
varying the incident energy until the peak yield in the
spherical analyzer is observed. A more sensitive test
of the deviation of the mean energy from the resonant
energy may be found by comparing the total area
under the inelastic proton curve (e.g. , Fig. 3) with
the total area under a similar thick target curve when
the mean incident energy is above the resonant energy
by an amount large compared to the width of the
resonance and the cylindrical analyzer resolution. If
the incident energy is exactly at the resonant energy,
the area should be precisely one-half that of the case
where the mean incident energy is enough above
resonance that all incident protons pass through
the resonant energy while traversing the target.

Nonuniformities in target composition (particularly
carbon and oxygen) give the chief systematic un-
certainty to this method of finding P&. The uncertainty
in Pj is estimated to be 0.015 percent from this
cause and from the fluctuations of the areas of diBerent
data curves such as shown in Fig. 3.

RESULTS

The mean value of the eight Li'(p, e)Be' thresh-
old determinations was PL =PL;/(1 —vL;)=0.65354
~0.00012, where the error is the standard deviation
of the eight runs. The nine Mg'4(p, p') Mg" edges gave a
mean Ps' ——Ps/(1 —i s) =0.41033&0.00016, the error in-
cluding both the standard deviation and the 10 percent
uncertainty in the correction to the extrapolated cut-
off (see preceding). The calibration ratio k,/k, based
upon 26 platinum edges was 0.69598&0.00024. The
potentiometer setting for excitation of the scattering
resonance, Pi' ——Pi/(1 —vi), was taken as 0.83737
~0.00012. This last error estimate has already been
discussed in the preceding paragraph.

A possible systematic error is that introduced by
uncertainty in the angle of observation 0. This angle
was measured to be 134'21+5'. The angle measurement
was achieved by comparing the energy of the alphas
elastically scattered by a carbon target to those
elastically scattered by a platinum target. The angle
sensitivity of the former scattering process is such
that this way of determining the mean angle is pre-
ferred to direct geometrical measurement. This method
has, however, been earlier checked by direct measure-
ments. " For the present experiment clQ/cl9= 0.08
Mev/radian and hence the uncertainty from this
source is only 0.009 percent.

The preceding input values give for the ratio R of the
Li'(p, n)Be' threshold to the energy of the first excited
state of Mg'4

Z,h...[Li(p,e)Be']R= = 1.3734~0.0007.
E.(Mg'4*)

2 KX

FIG. 4. Graphical integration for the theoretical line shape of
the inelastically scattered protons. The incident proton energy
T& is assumed equal to the energy of the very narrow resonance
for inelastic scattering. The spherical analyzer "window" is
T&)(5,. The spread in T2 arising from the hnite energy spread
of the incident beam is S,T2 and is equal to (A.Ti)X(ratio of
stopping cross sections of outgoing and incident protons). The
cylindrical analyzer resolution is 6,.

Hp(Na'4 1.37 Mev)

Hp(Co ' 1.33 Mev)
= 1.0229&0.0002.

E,(Mg"*) from Gamma-Ray Data

The latest result of the Caltech group' for the
absolute energy of the gamma ray following the beta
decay of Au"' is

E~(Au' ) =411 770&0.036 kev.

Lind and Hedgran" and Hedgran and Lind" report
the following ratios for momenta of the photoelectrons
from various relevant gamma rays:

Hp(Au"s(Ur, r)) =0.44924~0.00010,
Hp(Coso(Ux))
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When the binding energies of the U~ and ULi
electrons are taken as 115.62 kev and 21.76 kev"
respectively, the above data yield a value of 1369.91
~0.40 kev for the Xa'4 gamma-ray energy. When the
energy of the recoiling Mg'4 is included, (ht)'/(2Ms4c'),
the energy of the first excited state of Mg'4, is

1369.95~0.40 kev,

based on the Caltech crystal spectrometer scale.
A value of comparable precision for the Mg'4* state

can be found from other gamma-ray data. Recently
Lindstrom, Hedgran, and Alburger" report 1332.5
~0.3 kev for the energy of a Co" gamma ray. This
value is obtained by comparison with the 1415.8~0.2
kev transition in RaC' which was measured absolutely
(in terms of the proton magnetic moment) by the
same authors. If Hedgran and Lind's ratio (=1.0229
&0.0002) for momenta of the photoelectrons from

"V. Cauchois, J. Phys. radium 13, 113 (1952) but recomputed
for latest atomic constants, Jessee W. M. Du Mond, Revs. Modern
Phys. 25, 691 (1953).

~Lindstrom, Hedgran, and Alburger, Phys. Rev. 89, 1303
(1953).

Na" and Co" is used, then the energy of the Na"
gamma ray would be 1368.64%0.45 kev, and when
the recoil energy of the Mg'4 is included, the energy of
the Mg'4 state is 1368.68&0.45 kev. It will be noted
that these two independent gamma-ray measurements
diGer by appreciably more than their assigned probable
errors. Hedgran and Lind's (Hp) ratio for Na" and
Co" photoelectrons occurs in the determination of
both values, but their Bp ratio for Au" and Co
photoelectrons occurs only in the former value. So
the discrepancy between the two values for the Mg'4*

could arise from Lind and Hedgran's Bp ratio" of
Au"' to Co" photoelectrons, or it could indicate a
systematic error in one or both of the absolute gamma-
ray measurements.

Li'(P, n) Be' Threshold

If the abo ve values for the 6rst excited state of Mg'
are combined with our ratio E of the Lit(p, ts)Be'
threshold to the —Q[Mg'4(p, p')Mg'4*j, then one finds

Eth,~LLir(P, ts)Bet)= 1881.4&1.1 kev
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in, terms of the Caltech crystal spectrometer scale, but

Eg,~LLi'(P, e)Ber)= 1879.7&1.1 tv
in terms of Lindstrom's proton-moment calibrated
scale.

Graphical comparison of various independent deter-
minations of this threshold are shown in Fig. 5.

A weighted mean of these independent measurements
of the Li'(P, ss)Be' threshold is 1881.1&0.5 kev.

CONCLUSIONS

No appreciable systematic diGerences between the
gamma-ray scales and current nuclear-reaction energy
scales are indicated by the present work. There is,
however, some suggestion of a systematic difference
between two current gamma-ray scales. Somewhat
better consistency with nuclear reaction data is found
for the gamma-ray scale based upon the curved-
crystal spectrometer measurements.
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The Half-Life of U"'
P. A. SELLERs C. M. STEvzws, and M. H. STUDiER

Chemistry Division, Special 3faterials Division, Argonne National Laboratory, Lemont, Illinois

(Received February 5, 1954)

The half-life of U"2 has been determined to be 73.6+1.0 years by a method involving isotopic dilution,
mass spectrometric analysis, and the determination of the specific activity of the diluted sample by con-
ventional weighing and counting techniques.

HE half-life of U'" has been reported as 30 years'
and 70 years. ' The 30-year value was estimated

from the growth of U"' alpha activity from its beta-
emitting parent Pa"' and the 70-year value from the
growth. of U 3 from its alpha-emitting parent Pu 3.
No limits of error have been given for either value, but
the 70-year value was based on a later measurement and
considered to be more accurate than the 30-year value.

The half-life of U"' is suKciently long that the direct
measurement of its decay is difficult. On the other hand,
the direct determination of the specific activity is
diQicult because of the small quantities which are
available and is hazardous because of the high specific
activity of U"'. However, isotopic dilution with a large
excess of relatively inactive U"' enables one to deter-
mine the specific activity of the diluted sample by con-
ventional weighing and counting techniques. A mass
spectrometric determination of the ratio U"'/U"' then
permits one to calculate the specific activity of U"'.

An aliquot (0.09905 g) of UsOs from a Bureau of
Standards sample of natural uranium was accurately
weighed and transferred to a preweighed polyethylene
bottle containing nitric acid and approximately 100
micrograms of U-"'. After the oxide was dissolved, the
solution was diluted with water to 102.61 g, from which

' J.W. Gofman and G. T. Seaborg, The Transgraniunz Elements:
Research Papers (McGraw Hill Book C-ompany, Inc. , New York,
1949), Paper No. 19.14, National Nuclear Energy Series, Pluto-
nium Project Record, Vol. 148, Div. IV, p. 1427.

2 James, Florin, Hopkins, Jr., and Ghiorso, The Transuranilm
Elemengs: Research Papers (McGraw-Hill Book Company, Inc. ,
Nevr York, 1949), Paper No. 22.8, National Nuclear Energy Series,
Plutonium Project Record, Vol. 148, Div. IV, p. 1604.

was taken 1.0459 g which in turn was diluted to 101.54 g,
From this final solution, about 100-milligram aliquots
were weighed, evaporated on platinum plates, and
counted in an argon-carbon dioxide counter with a
geometry of 50.6 percent and r of 4)(10 minute. An
average of three determinations gave a value of 56 530
disintegrations per minute per 100 mg of solution, with
a probable error of 120 disintegrations per minute based
on the deviations from the mean, which is a measure of
the precision of weighing and counting the samples.
This corresponds to a specific activity of the diluted
sample of 6.61&10" disintegrations per minute per
gram of U"'. From the mass spectrometric analysis of
the sample PU'"/U»'= (1.436&& 10 ')&1.0 percent, and
U»s/U»e= (4.75&&10

—')&2.2 percent, mole ratiosj the
specific activity of U"' was calculated to be 4.65)&10'
disintegrations per minute per microgram. (A mass
spectrometric analysis of the original U"' sample showed
that its U"' content was negligible. ) This corresponds
to a half-life of 73.6 years. The U"' was the only isotope
other than U'" which contributed appreciably (1.5
percent of the total alpha activity) to the activity of the
uranium sample, and a correction was applied. A
correction was also made for the growth of the daughters
of U"' by comparing the counting rates of the final
samples with that of a sample taken immediately after
purification of the U'" from its daughters. A considera-
tion of the various errors leads to a probable error of
about one year in the half-life.

The authors are grateful to Miss Lillie Mae Porter
and Miss Marjorie M. Petheram for their help with the
counting.


