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INTRODUCTION

HIS compilation of nuclear energy levels in the
Z=11 to Z=20 region is designed as an exten-

sion of the series of papers covering the region up to
Z=10.' 4 %e have followed their method of presenta-
tion of the material in detail not only for the sake of
uniformity, but also because according to our experience
their presentation gave clear, concise, and complete
information to the experimenter. Although their ex-

ample simplified our task considerably, we were aware
of the fact that it might not be easy to come up to their
standard.

There exists one other compilation covering the same
region of nuclides, vis. , that of Alburger and Hafner. '
They gave a list of excitation energies, values averaged
over diGerent reactions and diGerent observers, without
error limits and without discussion of experimental de-
tails or of the consistency of the data. Since in the last
few years a vast mass of new experimental data has
accumulated, we feel that the writing of a new summary
is justi6ed. A recent compilation by Cappellere covering
the region from Z=9 to Z=17 does not supply this
need because of the brevity of its presentation and its
limited scope.

New experimental material is especially copious in

the lower half of the Z region considered, containing
the elements sodium, magnesium, aluminum, silicon,
and phosphorus. Accurate links between the ground
states of many nuclides have been established by mag-
netic analysis of charged particles from (d,p) and (d,a)
reactions (notably by the group working at Massachu-
setts Institute of Technology) and the positions of
many low energy levels have been determined by the
same method with an accuracy of 15 kev or better.
The perfect agreement obtained for the level schemes
in the cases (e.g. , Mg" or Si") where the same nucleus
can be reached both by a (d,p) and a (d,n) reaction is
very gratifying and gives full con6dence in this method.

Our knowledge regarding nuclei above phosphorus is

by no means in such a satisfactory state, and it would

'W. F. Hornyak and T. Lauritsen, Revs, Modern Phys. 20,
191 (1948).

T. Lauritsen, National Research Council Preliminary Report
No. 5 (1949).

3Hornyak, I auritsen, Morrison, and Fowler, Revs. Modern
Phys. 22, 219 (1950).

F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 24, 321
(1952). The notation of Ajzenberg and Lauritsen is used in the
present paper.

~ D. E. Alburger and E. M. Hafner, Revs. Modern Phys. 22,
3'73 (1950).' M. Cappeller, Ergeb. exakt. Naturw. 27, 125 (1953).

have been only natural to break oG the present compila-
tion at this dividing line. However, recently work at
Massachusetts Institute of Technology has been started
on elements above phosphorus (e.g. , on potassium and
calcium), and also Holt and Marsham'sr measurements
of (d,p) angular distributions and the accurate determi-
nations of p-ray energies resulting from thermal neu-
tron capture by Kinsey et ul. ' extend up to Z=20.
These arguments convinced us that it is useful to include
the Z=16 to Z=20 region into this compilation (in
accordance with Alburger and Hafner).

The most important quantities characterizing nuclear
states are energy, spin, and parity. In principle one
could add magnetic dipole moment and electric quad-
rupole moment, but as this compilation is concerned
chiefLy with excited nuclear states and as next to noth-
ing is known about their magnetic and electric moments
we have not included any data on these moments. For
ground. -state moments the reader is referred to Mack's'
tables.

Neither have we given a thorough discussion of the
shell-model assignment of the observed nuclear states.
There are arguments both against and in favor of this
attitude. Of course the success of the shell model in

predicting spin and parities of ground states cannot be
denied. The sequence of subshells in our region of
nuclides would be dt, si„di f~/s P$ But the order of the

d; and s; subshells is none too certain as is evidenced

by the notable shell-model exception F" (J'= —,'), while
Na" (J=-,') helps further to confuse the simple picture
in this region. Nor do excited states adhere to the order

given above, as there seem to be at least as many low

multiple-excitation levels as single-particle levels in the
region of nuclides considered here. Thus, the shell

model should be handled with caution and we have pre-
ferred to present only the experimental spin and parity
determinations without possible shell-model inferences.
Most data on spins and parities of low (nonresonance)
levels are obtained from (d,p) angular distribution
measurements and from P decay. In several cases
it has been possible to make unique spin and parity
assignments just by putting together the data from
these two sources. The P decay ft values have all been

recomputed for this compilation in view of the better
set of mass defects now available. For ~J=2, yes,

r J. R. Holt and T. N. Marsham, Proc. Phys. Soc. (London)
A66, 249, 258, 467, 565 and 1032 (1953).

s Kinsey, Bartholomew, and Walker, Phys. Rev. 83, 519 (1951)
and 85, 1012 (1952).

s J. E. Mack, Revs. Modern Phys. 22, 64 (1950).
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transitions, also log(Ws' —1)ft has been computed,
where 8'0 is the maximum electron or positron energy
inclusive of the rest mass of electron or positron in
units mc'.
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It is interesting to look for experimental facts in the
Z= 11 to Z= 20 region which can be correlated with the
important concept of isotopic spin. A direct consequence
is the similarity of level schemes of mirror nuclei to
which rule apparently no exceptions are known in the
lower Z region. There are two cases in our region where
such a comparison can also be made, vis. , for the mirror
pairs A=25 and A=33. The level schemes of the
nuclei concerned are given in Fig. 1 and Fig. 2. The
experimental material both regarding excitation ener-
gies and spins and parities is still pretty incomplete
but it may safely be said that there are no apparent
contradictions and that especially the lower states show
a satisfactory agreement. On the average the excitation
energy of a level in the odd-proton nucleus is somewhat
lower than that of its mirror level in the odd-neutron
nucleus, which is also the general rule for levels in
lighter mirror pairs.

The next point to look for is the occurrence of analog
states of the same isotopic spin in even A isobars. The
most interesting example in the Z=11 to Z=20 region
is A =34. If the mass of CP4 is lowered by an amount
equal to the Coulomb energy difference with S'4 (taking
the nuclear radius equal to 2=1.4 A& 10 " cm) and
raised by an amount equal to the 7s—p mass difference,
the CP' mass comes out nearly equal to that of S"

3.88

FIG. 2. Comparison of
284 ~2 " the level schemes of the

mirror nuclei S"and Cl".
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(actually 0.2 Mev higher). One would then be inclined
to regard the CP4 and 5'4 ground states as components
of an isotopic spin triplet (T= 1, 7=0+)."The excited
state in CP4 at 142 kev (CP4") is then the first T=O
state (T=0, 2=3+). The spin assignments quoted here
follow from the CP' and Cl""P+ decay. " It is remark-
able that in CP' the lowest state is a 7=1 state in
contradistinction to Li', 8", and X"where the ground
states are T=O states. Also in Na", Al", and P" one
might expect T=O ground states with the erst T=1
states (corresponding to the ground states of Ne",
Mg", and Si") at about 0.8 Mev, 0.5 Mev, and 0.5 Mev,
respectively. None of these latter levels have been ob-
served as yet. On the other hand it would be logical to
assume that the K' ground state (and that of the un-
known Sc4') is a T=1 state like the CP4 ground state.
Arguments in favor of these isotopic spin assignments
in Al" P", and K' have recently been given by
Stahelin. "
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SCOPE

The criteria of selection of experimental data to be
included in the present compilation were very similar
to those used in the Z= 1 to Z= 10 reviews. As a dead-
line, December 1, 1953 was chosen but in a few cases
references could be inserted to papers received some-
what later.

The limited availability (also to us) of theses, U. S.
Atomic Energy Commission Reports, and other an-
alogous papers has made us decide to quote them only

Al

Fn. 1. Comparison of the level schemes of the mirror
nuclei Mg~' and AP~.

"D.C. Peaslee, Nuovo cimento 10, 1349(L) (1953).
"W. Arber and P. Stahelin, Helv. Phys. Acta 26, 433(A)

(1953); P. Stahelin and P. Preiswerir, Nuovo cimento 10, 1219
(1953).

n P. Stihelin, Helv. Phys. Acta 26, 691 (1953).
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in exceptional cases. The same applies to papers or
communications to which we had no direct access (e.g. ,
private communications to others).

As a general rule, no very high energy or spallation
reactions have been included and the presentation of
papers bearing on theoretical aspects is also certainly
incomplete. The same pertains to elastic neutron scat-
tering especially at very low energies.

No relative intensities have been given of particle
groups observed from a specific reaction at only one
particular angle (e.g. , 90').

MASSES

The mass defect used for each nucleus is stated under
the heading for that nucleus. In the region from Na"
to S" the masses are taken (whenever possible) from
Li's" tables. These are given without further comment
or reference. In accordance with Li the mass defect is
de6ned as M—A in Mev; a better name would be
"mass excess. " The masses of the nuclei in this region
which are not present in Li's table are computed from
the Q values of reactions connecting these nuclei to Li's
set. In these cases they are called "adopted mass de-
fects" and the pertinent reactions or investigations are
reported.

The absence of a continuous chain of carefully de-
termined Q values complicates the situation for the
nuclei above S".Mass-spectrographic measurements of
all stable isotopes except S" and Ca" have been per-
formed by Collins et al. ;"of S", Cp', Cl", and A" by
Ogata and Matsuda 5 of S and A by Ewald and of
A~, K~, and Ca4' by Johnson. "However, their results
are not directly comparable as they have used diferent
mass values for the substandards H', C", and S".
Obviously the best connection to the masses below S"
will be obtained if as masses of substandards Li's
values from nuclear reaction energies are used. This
attitude has been adopted for H' and C".However, for
S" the error in Li's mass surpasses (by the accumula-
tion of errors through successive steps) considerably the
mass-spectrographic value derived directly from the
02' —S" doublet. For these reasons the following sub-
standards have been chosen:

H'= 1.008 142% 3, (reference 13),
C"=12.003 804%17, (reference 13),
S"=31.982 236+ 7, (reference 14).

This combination of substandards has also been used by
Collins et al. as an alternate method. For the stable
isotopes the weighted mean of the cited measurements
has been taken, if necessary after correction of the

"C.W. Li, Phys. Rev. 88, 1038 (1952); Li, Whaling, Powler,
and Lauritsen, Phys. Rev. 83, 512 (1951).

"Collins, Nier, and Johnson, Phys. Rev. 84, 717 (1951); 86,
408 (1952).

's K. Ogata and H. Matsuda, Phys. Rev. 89, 27 (1953)."H. Ewald, Z. Naturforsch. 6a, 293 (1951)."W. H. Johnson, Phys. Rev. 88, 1213(L) (1952).

reported values to the adopted substandards. In view
of this rather arbitrary convention and the possibility
of unaccounted systematic errors in mass spectrography,
the Anal values have been rounded oG to 0.1 Mev which
is about (or perhaps somewhat larger than) the internal
consistency of the mass-spectrographic data.

Microwave mass determinations are generally in-
ferior to mass spectrography and have not been taken
into account, except for S" where the microwave
measurement" is the only available mass determination.
The mass of Ca4' is as yet unknown.

Masses of many unstable nuclides from sulfur to
scandium are linked to stable nuclides by nuclear reac-
tion Q values and our adopted mass defects are dis-
cussed under each heading.

The procedure of mass assignment followed here for
the nuclei from sulfur upwards is certainly not without
objection. Accurate Q value determinations connecting
two stable nuclei have been neglected. For instance, the
masses of K" and K4' (determined mass spectro-
graphically) have been rounded off to 100 kev although
the mass diGerence is known with 10 kev accuracy from
the K"(d,p) K" Q value. However, the construction of a
more accurate set of masses in this region should await
the establishment of at least one chain of nuclei con-
nected through accurate Q values. In one such chain
(S"—Cl"—S"—CP' —A"—K"—K"—Ca"—' Ca") all
links are known with an accuracy of 15 kev or better,
but for the Q values of the reactions CP'(d, cr) Sss

(Q =8.3 Mev), CP'(d, n)S" (Q =7.6 Mev), and
K"(d,cr)A'7 (Q =7.8 Mev). Also the mass of As is
already directly connected to this chain by a precision
measurement.

ARRANGEMENT OF THE MATERIAL

Generally each nuclear reaction is treated under the
heading of the final nucleus. Exceptions form reactions
where resonances have been observed which are treated
under the compound nucleus. A second exception forms
the p decay of unstable nuclei which is treated under
the parent nucleus and then as the first reaction. The
order of the other reactions is determined by the initial
nucleus starting with the lowest-Z element and within
that element with the lowest-A isotope. Angular dis-
tributions, cross sections, and excitation curves are dis-
cussed under the final nucleus (apart from resonances).
Also included are reactions which have not yet been
reported but which could (if observed) give additional
information about the 6nal nucleus and which are in
principle feasible with natural or enriched targets.

Discussions on the energy levels of a particular
nucleus which do not 6t naturally under the heading of a
speci6c reaction leading to that nucleus have been given
as "General Remarks" at the end of the treatment of
that nucleus.

The diagram is the synthesis of the discussions of

"W. Low and C. H. Townes, Phys. Rev. 75, 529(L) (1949).



98 P. M. EN DT AND J. C. KLUYVER

the experimental material. The excitation energies given
in the diagrams are the weighted means of all separate
determinations available. Levels known with an ac-
curacy of 15 kev or better, and found preferably from
two or more reactions, are marked by thick lines, doubt-
ful levels by hatched lines. Three decimal figures are
reserved for levels known with an accuracy of 5 kev or
better.

All reactions leading to a particular nucleus have been
indicated in its level diagram, also unobserved reactions.
If the absolute value of the reaction energy of an un-
observed reaction is so large that the horizontal line

representing it falls outside the energy range of the
diagram, this line is drawn in an arbitrary position and
provided with two arrows pointing upwards or down-

wards.
The indication of resonances in the diagram has been

somewhat simplified in comparison to the presentation
in the Z= 1—10 papers. The density of resonance levels
in our higher-Z region is so much larger that it proved
impossible to represent resonances by schematic yield
curves. Instead resonance levels have only been indi-

cated by marking their position on the primary particle
energy scale. Relative intensities and widths can only
be found in the text or relevant tables. In some cases
(e.g. , Si" where some 100 resonance levels are known)
it has even been necessary to omit every indication of
individual resonances in the diagram. Reactions in
which the central nucleus in the diagram occurs as a
compound nucleus have also generally been omitted,
unless resonances were observed.

Resonance energies, both in level diagrams and in the
text, have always been given in laboratory coordinates,
except in one or two cases where the use of center-of-
mass coordinates is explicitly mentioned.

OTHER COMPILATIONS

Apart from the compilations mentioned elsewhere in
this introduction, the following review papers also
considerably simplified the present work:

(a) the 1937 Livingston and Bethe" compilation of
nuclear reactions;

(b) the 1949 "Isotopenbericht" by Mattauch and
Flammersfeld;"

(c) the National Bureau of Standards, Nuclear
Data;"

(d) the Nuclear Science Abstracts;
(e) the 1952 Van Patter" compilation of ground-state

Q values and beta-decay energies (up to 8=20);

"M. S. Livingston and H. A. Bethe, Revs. Modern Phys. 9,
245 (1937)."J.Mattauch and A. Flammersfeld, Z. Naturforsch. (special
issue) (1949).

"Natl. Bur. Standards U. S. circ No. 499 (19.50) with 3 supple-
ments (1950, 1951)."D. M. Van Patter, Technical Report No. 57, (L.N. S.E.),
Massachusetts institute of Technology (1952).

(f) the 1952 compilation of neutron cross sections by
Hughes et ul "

(g) the 1953 "Table of isotopes" by Hollander et al.s4
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Na"
(not illustrated)

Adopted mass defect: 14.2 Mev (AI 50a).*

I. Na" (P+)Ne" Q„,=15.3t
The positron decay proceeds at least partly to states

of Xe" between 6.8 and 10.8 Mev which decay by
o. emission. The half-life measured by o. detection is
0.25 sec (Al 50a) and by P+ detection is 0.23+0.08 sec
(Sh 51b).Another value for the half-life: 0.385&0.01 sec
is reported by Birge (Aj 52). The energy of the n's is)2 Mev (Al 50a).

For a theoretical prediction of the Na" spin see
De 53a.

II. Ne"(p, e)Na" Q = —16.1

The threshold for this reaction is 16.9 Mev (AI 50a).

III. Na" (y,3n)Na" Q = —42.0

The Na" activity has been produced by bombarding
sodium with the y rays of a /6-Mev betatron (Sh 51b).

Na"
Mass defect: 3.991 Mev

I. Na" (P+)Ne" Q =3.522

The half-life is 23+2 sec (Cr 40) and 22.8+0.5 sec
(Sc 52). The maximum P+ energy is 2.50&0.03 Mev as
determined with a 180' spectrometer (Sc 52). Whereas
early investigations indicate a p ray in this decay
(Po 40), more recent observations show no p ray of
E,)0.5 Mev (Sc 52).

The log ft value is 3.6, the usual value for super-
allowed transitions between mirror nuclei.

s' Hughes et a/ A.E.C.U.—2040 (.1952).
~Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25,

469 (1953).
*All references indicated in this manner, initials and year, are

listed at the end of the article.
f For each reaction the Q value calculated from the masses is

designated Q&,.
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also occurs to the 1.64 Mev level in Ne" with cross
sections at 168': 0.13 b (E„=2.72 Mev), 0.006 b
(3.21 Mev), 0.013 b (3.56 Mev), and 0.015 b (3.58 Mev) .
Moreover, there is an inelastic resonance at E~=3.42
Mev of cross section 0.014 b and 10-kev width. The
angular distribution of the inelastically scattered pro-
tons at the 2.72-Mev resonance is not isotropic (Ga 53a).

With a scintillation spectrometer the yield has been
measured of the 1.64-Mev y ray (photopeak) resulting
from inelastic scattering. Observed resonances, experi-
mental half-widths, and relative yields are collected in
Table I. Some resonances (last column of Table I)
show also proton capture detected by the annihilation
radiation from the positron decay of 23 sec Na". For a
number of resonances the p-ray angular distribution has
also been measured. No evidence was found from the
p ray spectrum for a level in Ne" at about 2.2 Mev
(Co 53b, Va 53). For Ne" levels found from inelastic
scattering see Aj 52.

IV. Ne" (d,e)Na" Q„=0.226

At. E~——1.0 Mev recoil protons have been detected in
nuclear emulsions. The measured Q= —0.17&0.05 Mev
would perhaps indicate that this neutron group does
not lead to the ground state, or that the p+ decay of
Na" is followed by a p transition (Sw 52). See also
Po 40.

II. Ne" (p,y)Na" Q =2.452

A weak resonance at E„=1.165 Mev was found in the
p-ray yield for protons in the 0.5—1.3 Mev region bom-
barding a thin isotopic Ne" target (Br 47). This corre-
sponds to a level in Na" at 3.566 Mev. See Table I
(last column) for more resonances in this reaction
(Va 53).

F& (lab)
(Mev)

Proton capture
Exp. halfwidth Relative yield (annih. radiation

(kev) (1.64 Mev y ray) from Na»(p+)Ne»)

III. Ne" (p,p)Ne"
Ne20(p p~)New

Elastically scattered protons observed at 6 angles
from 90' to 167.5' indicate resonances at E„=1.84, 1.95,
2.13, 2.72, 3.20, 3.55, 3.57, and 4.23 Mev corresponding
to levels in the range from E,=2.64 to 6.61 Mev at
4.20, 4.31, 4.48, 5.04, 5.50, 5.83, 5.85, and 6.48 Mev
(Ha 53). At each elastic resonance inelastic scattering

TABLE I. Resonances in the Ne" (p,p''r)Ne20
reaction (Va 53, Co 53b).

V. Ne" (p e)Na" Q~= —4.304

The Na" activity has been observed in the bombard-
ment of neon with 6-Mev protons (Cr 40).

VI. Mg'4(p n)Na" Q = —6.880

The Na" activity has been observed from natural
magnesium bombardments at E„=18.5 Mev (Sc 52)
and from bombardments of targets enriched in Mg'4 at
E~=32 Mev (Br 48).

Mass defect: 1.312 Mev

I. Na" (P )Ne" Q~=2.841

The half-life is given as 3.0&0.2 yr (La 37), 2.8 yr
(Sa 39), and 2.60 yr (La 49).

The decay proceeds predominantly by P emission
followed by a p ray. Determinations of the end point of
the p+ spectrum and of the p-ray energy are collected
in Table II. See also Me 34a, Fr 35.

TABLE II. Decay of Na".
1.970
2.085
2, 150m 0.005
2.725&0.005
3.190&0.007
3.450&0.005
3.560*
3.565&0.005
3.835+0.005
4.005

16
17
29
35

100
(36)
~ 0 ~

46
(12)
14

15
5

260
24 000

2400
900

~ ~ ~

5800
1500
240

~ ~ ~

Yes
No
No

(Weak)
Yes
Yes

'" Asymmetry of the 3.565 resonance probably due to a double peak,

Author

I.a 37
I.a 37, 8146c
Op 39
Ma 41
Go 46a
Al 49a
Ma 50a
Wr 53

Method

cl. chamber
abs.
spectrom.
spectrom.
spectrom.
spectrom.
spectrom.
spectrom.

Bp+, (kev)

580%30
530%40
550
600m 60
575&10

542&5
540%5

Z~ (Mev)

1.3

1.30 a0.03
1.277&0.004
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tion spectrometer. The half-life for y emission of the
first level is (0.1 sec (Te 54a).

For resonances see Na".

4.513
Ne +d-nRl

7.47

1.66

Ep

(pej})0.765

6.738
Net '+p

&o

III. Ne" (p y)Na" Q„=6.738

In the region E„=0.6—1.3 Mev one resonance at
E„=0.765 Mev was found in the p-ray yield by use of a
thin enriched Ne" target (Br 47).

IV. Ne" (d e)Na" Q„=4.513

Weak long-lived sodium P+ activity has been ob-
served from neon bombarded by deuterons (La 37).

Thresh.
12.05

Q3 „3+

22

V. Ne" (p e)Na" Q~= —3.623

The threshold is greater than E„=3.35 Mev (Ri 48).
2+ 1.277

0541 (QVA)

1.83 (o.os%

-1.920
F +oc-n

J 0
Ne~

-3161
-3.623 Mg +p-a
Ne +p-n

Pro. 4.

II. F"(n, e)Na" Q = —1.920

By bombarding a thick CaF2 target with Po o.'s and
detecting recoil protons in a cloud chamber, neutron
groups were found corresponding to Q values of —2.3
and —2.6 Mev (Bo 34, Li 37). This would point to a
level in Na" at 0.3 Mev. See also Fr 35.

Kith n particles from a Van De Graaff accelerator
thresholds in the neutron production are observed at
E =2.4 and 3.05 Mev. For E &3.05 Mev p rays are
observed of ED=593~3 kev, measured by a scintilla-

The ground-state P transition is very weak. The
end point of this high-energy P+ spectrum is 1.83+0.06
Mev and its intensity is (0.062&0.015) percent (Wr 53).
Its log ft value is 13.1. See also Mo 49.

Besides P+ emission electron capture also occurs.
Recent measurements are (9.9%0.6) percent (Mi 53,
Sh 53b) and (7.1+2.0) percent (Ho 53g) for the number
of electron captures per disintegration. Earlier measure-
rnents were mutually contradictory (Ma 43a, We 43,
Go 46a).

The internal E-conversion coe%cient of the 1.28-Mev
y ray has been measured as (6.3+2)X10 6 (Hi 53)
which points to an E2 transition. The spin of the 1.27
Mev level in Ne" is then 2+, in agreement with the
general rule for even-even nuclei (Sc 53). The spin of
Na" being J= 3 (Da 48, Da 49b), the predominant p+
branch is allowed in agreement with the shape of the
spectrum (Ma 50a, Al 50b), although the ft value is
rather high (log ft= 7.6). The allowed character is con-
firmed by the absence of P—p angular correlation
(St 51a).

For a theoretical discussion of the Na" ground-state
spin see De 53a.

VI. Na" (y,m)Na" Q = —12.418

The threshold was measured as 12.05&0.20 Mev
(Sh 51a).

The excitation curve has a maximum at 18.3 Mev of
half-width 6.0 Mev. The maximum cross section is 13
mb and the integrated cross section for the (y,e),
(y,ep), and (y, 2n) reactions together is 81-Mev mb
(Mo 53a). See also Mc 50.

VII. Na" (m, 2ii)Na" Q = —12.418

Not observed.

VIII. Mg" (d n)Na" Q~= 1.937

From the bombardment of natural magnesium by
deuterons at E~——5.3 Mev one e group of E =4.32 Mev
is found by magnetic analysis at 0= 90'. If assigned to
Mg'4 the Q value would be 0.28 Mev, yielding a level in
Na" at 1.66 Mev (As 51).See also La 37. The excitation
curve has been measured up to E~= 14 Mev and shows a
maximum of 150 mb at Ed 9.5 Mev (Cl 46). ——

IX. Mg" (p n)Na" Q = —3.161

The Na" yield has been measured from threshold to
E„=100Mev (Me 51).

GENERAL REMARKS

For isotopic spin predictions in Na" see St 53b,
St 53c, Mo 53b. A J=O+, T=1 state is expected at
about 0.6-Mev excitation, and it is very probable, that
the 593-kev level found in reaction II may be identified
with this state (Te 54a).

Mass defect: —2.742 Mev

I. F"(nn)Na" Ei,=10498 Q = —1920
From thick target bombardments with Po n particles

resonances in the neutron yield are found at E =3.31,
3.81, 4.29, 4.56, 4.91, and 5.16 Mev (Sa 38). Resonances
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Mg +d

4.388
Ne

4.7
4.1

3.5

(a,p) (oc,a)

10.498
F +o(

49 resonance
levels

20 resonance
levels

7.2

6.3

445
3.92
3.70
3.01 '

2.69
2.37
2 07

Ep

435

t.75
1.5

0.5
&4 87

(p, g)

3+ 4.095
Mg

g-2m c

positions and relative intensities of the resonances may
be estimated (Br 47).

VI. Ne" (p,p)Ne"
Ne" (p,p') Ne"

Resonances both for elastic scattering and for in-
elastic scattering to the 1.28-Mev Ne" level have been
observed at 8~=2.43, 2.67, 2.83, 2.87, and 3.19 Mev
corresponding to Na" levels at 1112) 1135) 1150'
11.54, and 11.85 Mev (Ha 53, Ga 53a).

Kith a scintillation spectrometer the yield of the
1.28-Mev p ray (photopeak) resulting from inelastic
scattering has been measured. A list of the observed
resonances, their experimental half-widths and relative
yields is given in Table III. No indication can be found
in the p-ray spectrum of a Ne" level at about 0.4 Mev
(Va 53).

la +n-n'2

-2.372
Ne +o(-p

Ego.45

o4ss j
Na

FH:. 5.

Na +d-d23

-1.84B
Mg25+ p-oc

Na +p-p'23

are also reported at 3.4 and 4.1 Mev (Bo 34, Li 37).
3.85Resonances in the p-ray yield are found at 3.34, 3.

and 4.54 Mev (Sa 38). For Q values see Na".

II. F"(n p)Ne" Eq ——10.498 Q =1.703

With Po n's broad resonances have been found at
E =3.7 and 4.1 Mev for two proton groups with Q
values of 1.58 and 0.98 Mev (Ch 32, Ch 34, Li37).
Later work with Po 0. particles has shown resonances at
3.78, 4.71, and 5.09 Mev (Sa 38). For Q values see Aj 52.

III. F"(n n)F" Es= 10.498

Broad resonances at E =3.5 and 4.7 Mev were found
for RaC' n's scattered at 90' (De 39).

Recently resonances have been observed at E =2.48,
2.55, 2.64, 2.77, 2.90, 3.02, 3.05, 3.18, and 3.34 Mev.
Gamma rays of ED=108+2 and 196~2 kev observed
by scintillation spectrometry indicate inelastic scatter-
ing. There is evidence for Coulomb-excitation of the
196 kev level in F" below E,= 2.2 Mev (He 54).

IV. Ne'o(o. ,P)Nasa Q~= —2.372

One proton group (Q= —2.54 Mev) has been found
with ThC' n particles (Po 37, Li 3/). See also Ru 24,
Ch 48.

V. Ne" (P y)Naos Q~= 8.795

Twenty narrow resonances in the p-ray yield were
found for protons in the 0.5—1.5 Mev region on a thin
isotopic Ne" target. A plot is presented from which

TABLE III. Resonances in the Ne~(p, p'y)Ne
reaction (Va 53).

Blab
(Mev)

1.755
1.915
1.970
2.130
2.190
2.220
2.240
2.355
2.405
2.430
2.565
2.610
2.675
2.795
2.835
2.865
2.940
2.965
3.020
3.055
3,105
3.160
3.215
3.330
3.380

Exp. half
width
(kev)

17
15
32
22
20
17
20
15
25
16
20
24
18
11
20
24
3/
16
20
26

(29)

(29)
18
22

Relative
yield
(s.as
Mev

y ray)

~ ~ ~

50
22
77
40
10
10
45
40
40

175
40

130
85
30
40
50

160
100
~ ~ ~

160
35

185

Blab
(Mev)

3.435
3.470
3.560
3.585
3.645
3.685
3.725
3.755
3.800
3.845
3.895
3.920
3.940
3.985
4.035
4.055
4.090
4.125
4.165
4.190
4.235
4.255
4.300
4.345

Exp. half
width
(kev)

22
18
36

(22)
(32)
(29)
16
9

24
16

(22)
11

(15)
(45)
15
16
18
23

(15)
29

(12)
23
16

Relative
yield
(1 2s
Mev

y ray)

70
120
270
90
20
30
90

320
45

120
35

370
90

150
130
170
160
290
280
350
120
210
255
360

VII. Ness(P )Na" Q =4.388

The half-life has been given as 40 sec (Am 35),
33&1 sec (Na36), 35 to 40 sec (Bj 37), 43+3 sec
(Po 40) and 40.2+0.4 sec (Br 50). The P decay is
complex and consists of two components with end
points 4.21+0.01s Mev (93 percent) and 1.18&0.04
Mev (7 percent) (Br 50). Both transitions are allowed
(log ft= 5.0 and 3.8). See also Po 40, B146c.A 7 ray of
2.5 to 3.5 Mev has been observed (Pe 50). Note that
there is a striking disagreement between the measured

P ray end point and the one calculated from i' s
masses (Li 52) which is based on a Q value of 2.964
&0.007 Mev (Va 52a) for the Ne" (d,p)Ne" reaction.
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VIII. Na23(n, m') Na~'

Kith 2.5 Mev neutrons incident on a NaI scintilla-
tion crystal a photopeak was observed at 0.45 Mev
(Gr 52). This might be explained by inelastic scattering
leading to the 0.44-Mev level in Na".

IX. Na" (p,p')Na"

A level in Na" at 0.439&0.001 Mev has been de-
termined by electrostatic analysis of incoming and
scattered protons at E~=1.5 Mev (Do 53). A y ray
of 0.45&0.01 Mev was found by scintillation spectrom-
eter at proton energies between 1.0 and 2.6 Mev
(St 52a). At Z„=7.26 Mev the energies of scattered
protons have been determined with a thin NaI-crystal, l

scintillation spectrometer yielding Na" levels at 2.10,
2.37, 2.69, 3.01, 3.70, 3.92, and 4.45 Mev all +0.04 Mev
(St 52). A level at 3.67 Mev has also been found by an
absorption method at E~= 7.4 Mev (Co 52). See also
Ha 52C.

For resonances see Mg'4.

X. Na" (d,d')Na"

At E~=14 Mev levels in Na" are found from this
reaction at 1.9, 2.6, 3.75, 4.45, 5.5, 6.3, and 7.2 Mev
(Bo.50).

XI. Na" (n,n') Na"

At E =3 Mev a y ray of 430 kev is observed by
scintillation spectrometer, probably resulting from in-
elastic scattering (Te 54).

XII. Mg" (P+)Na" See Mg"

XIII. Mg" (d n)Na" Q = 7.031

By use of enriched targets and. magnetic analysis
(6=90') at Ed 1.8 Mev the groun——d-state Q value has
been measured as 7.019&0.013 Mev and levels in Na"
are found at 0.427&0.018 and 2.073+0.015 Mev
(En 52a). See also Le 33, Li 37, AI 49b, Va52a.

XIV. Mg" (p,n)Na" Q = —1 848

Not observed.

Mg23

(not illustrated)

Mass defect: 1.353 Mev

II. Ne" (n,e)Mg" Q„=—7.249

Not observed.

III. Na" (p)e) Mg" Q„=—4.877

The threshold is accurately determined as E„=5.091
&0.010 Mev (Wi 52). See also Wh 39 and Bl 51.

For resonances in this reaction see Mg'4.

IU. Mg'4(y, n)Mg23 Q = —16.581

The threshold is measured as 16.4+0.3 Mev
(Be 47a), 16.2+0.3 Mev (Mc 49), and 16.55+0.25 Mev
(Sh 51a). The yield curve, measured by the activity
of the residual nucleus, has a maximum of 0-=8.1 mb
at 19.2 Mev with a half-width of 4.7 Mev and an in-
tegrated cross section of 45 Mev mb (Ka 51b).

The photoneutron cross section for natural mag-
nesium measured by the neutron intensity has a maxi-
mum of 11 mb at E~= 18.8 Mev. The half-width is 3.9
Mev and the integrated cross section is 48-Mev mb.
The diGerence with the proceeding values may be at-
tributed to Mg" and Mg~' (Mo 53a).

Another value for the integrated cross section is 72-
Mev mb (Ed 52). See also Wa 48, Mc 50.

V. Mg'4(m, 2m)Mg" Q = —16.581

Not observed.

Na'4

Mass defect: —1.333 Mev

P ray endpoint
Author Method in Mev E&z in Mev E» in Mev

. I. Na'4(P )Mg'4 Q =5.531

The half-life is given as 14.96&0.10 hr (Wi49,
Bi 50, Sr 51), 15.04&0.06 hr (So 50), 15.10+0.04 hr
(Co 50a), 15.0&0.1 hr (Si 51), 15.060+0.039 hr (Sr 51),
15.28&0.19 hr (Bl 52) and 14.97+0.02 hr (Lo 53).
See also Am 35, La 35, Va 36.

The decay scheme of Na'4 has been very thoroughly
investigated. The tl decay go'es predominantly to the
4.12-Mev level in Mg'4 and is followed by two p rays in
cascade through the 1.37-Mev level (La 39, Ma 43a,
Co 46, Sa47, Si47a, Ba47, Wi47). The P ray end
point and the energies of the two p rays have been
accurately measured (Table IV). See also Ri 36, Ku 36,

TABLE IV. Na'4 beta decay.

I. Mg" (P+)Na23 Q =4.095

Half-life determinations are 11.6&0.5 sec (Wh 39),
11.9&0.3 sec (Hu 43, see also Hu 42), 12 sec (Ba 46),
12.3&0.4 sec (Bo 51), and 11.4 sec (Ed 52).

The maximum P+ energy is 2.82 Mev (Wh 39) or
2.99&0.09 Mev (Bo 51). No gamma rays are observed
with a cloud chamber (Wh 39). The P+ decay is super-
allowed as follows from the small ft value (log ft=3.7).

Mo 40
It 41
El 43
Ma 43
Go 44
Si 46
Wa 47
Wa 47
Hi 48
Ro 49
Wo 50
He 52
Ki 53d

ion. ch.
spectrom.
spectrom.
spectrom.
(i,n)
spectrom.
Be(&, ~~
D(~, '~)
abs.
spectrom.
spectrom.
spectrom.
pair

spectrom.

1.36 &0.05

1.390~0.005

1.41

2.80 +0.02
2.76 ~0.06
2.94 +0.06
2.87 ~0.05
2.758
2.75
2.72

1.38 &0.02
1.38 +0.03
1.38 %0.03

1.380

2.765 1.380
2.755 ~0.005
2.7535 ~0.0010 1.3680~0.0010
2.753 %0.005
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0.56 —5„,
o4& J-4 %

g 2¹

/'

/
/

/
/

/
/

/
/

K„
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0988
0014

0784
0710

0.602
0.542
0451
0.396
0.297
0.243
0 0217

(2,3)
(5)

(1.2)

0055~ 0~3 2
6.955

Na +n
expanded scaly

418
420

3.93—390
%van

3.65
y
—352

i 3.58
Na (E„3.50«4.30)
expanded scale

than 3 (En 53). On the other hand, the multipole order
of this p ray must be larger than 1 because of the failure
to detect resonant nuclear scattering of Na" p rays in
magnesium (Po 48). The most probable spin and parity
assignments for the 4.12- and 1.37-Mev level and ground
state in Mg'4 are then: 4+, 2+, and 0+, which is the gen-
eral rule for even-even nuclei (Sc 53). The P decay to
the 4.12-Mev level is then allowed because the Na24

spin has been measured as 5=4 (Sm51, Be 53). The
allowed character of the P decay has been con6rmed
experimentally by the shape of the P spectrum (Si 46)
and by the absence of p —7 angular correlation (Be 50a,
St 51a). The ft value is rather large (log ft= 6.1).

For a theoretical discussion of the Na'4 spin see
Be 53a.

II. Ne" (rr,p)Na'4 Q~= —2.173

Not observed.

- 2.173
Ne? +-p

-4.?49
Mg +n-p

-5.531 +

MN

-12.073
Qg +g-p

Ri 38, Fe 38, La 39a, Cu 40, Kr 45. A weak high-energy
tl- component, going to the 1.37-Mev level, has also
been found with an endpoint of 4.17 Mev and an
intensity of 0.003 percent (log ft=12.7) (Tu 51). See
also Gr 50a. A weak crossover 7 ray of about 4 Mev and
intensity 0.05 percent has been observed (Tu 51) al-
though others report its intensity as lower than 0.005
percent (Bi 50). A reported 7 ray of 3.62+0.05 Mev
and intensity 0.04 percent (Be 51) could perhaps be an
indication of a weak P transition to a Mg 4 level at
4.99 Mev.

There are strong arguments that both the 2.75- and
1.37-Mev p rays are electric quadrupole. This follows
from y —7 angular correlation measurements (Wa 41,
Ki42, Br 50a, Ch 50) and from measurements of the
internal pair-formation coefficients. For the 2.75-Mev

y ray the latter has been given as (1.16&0.10)X10 '
(Ra 49), (7.6&1.9)X10 ' a,nd (8.25~1.05)X10-'
(Mi 50), (6.7+1.0)X10-' (Cl 51), 8.0X10-4 (Sl 52)
and (7.1+0.2)X10 ' (Bl 52), while for the 1.37-Mev
7 ray has been found 0.3X10 ' (Sl 52) and (0.6+0.1)
X 10 ' (Bl 52). Also the shape of the internal pair spec-
trum (B152) and the angular correlation between e+

and e indicate the E2 character of the 2.76-Mev y ray.
The internal conversion coeKcient of the 2.75-Mev

7 ray is 3X10 s (Si 50), which also points to a quadru-

pole transition. From delayed p—7 coincidence meas-

urements an upper limit for the lifetime of the 1.38-Mev
level is found of 20(10 9 sec, from which it follows that
the multipole order-of the 1.38-Mev y ray is smaller

y ray

B
C

G
II
I

Energy in Mev

6.41&0.03
5.61&0.03
5.13+0.03
3.96%0.03
3.85&0.05
3.60&0.03
3.56&0.05

Intensity in photons
per 100 captures

20
7.5
1.8

20
11
10
20

III. Na" (n,y)Nas4 Q =6.955

Recent measurements of the thermal neutron cap-
ture cross section are 0.47+0.04 b (Co 46a), 0.63+0.13
b (Se 47), 0.52+0.03 b (Ha 50), 0.50+0.015 b (Co 50),
0.47+0.02 b (Po 51), and 0.53&0.03 b (Ba 53c). See
also La40, Ra40, On41, Si41a, Vo43.

For E„=1Mev the capture cross section is 0.26 mb
(Hu 53a). See also Hu 49.

A resonance in the Na'4 activation cross section has
been found at E„=1.71 kev by a boron absorption
method (Li 47).

The thermal neutron capture p rays measured by
pair spectrometer (Ki 51) are given in Table V. Lines

A, B, C, and I can be explained by transitions to the
Na'4 levels at 0.56, 1.34, 1.84, and 3.41 Mev. Lines
F, G, and B could correspond to transitions from the
levels at 3.93, 3.86, and 3.58 Mev to ground.

Gamma rays of 2.0, 1.66, 1.34, 0.86, and 0.48 Mev
have been found with a two-crystal scintillation spec-
trometer (Br 53a) and y rays of 0.877&0.010 and
0.475&0.010 Mev with a lens spectrometer (Mo 53).
The 1.34- and 0.47-Mev lines are probably transitions
from the corresponding Na'4 levels to ground, and the
0.87-Mev line the transition from the 1.34 Mev to the
0.47-Mev level.

Thermal neutron capture y rays have also been
detected with deuterium-loaded nuclear emulsions. The
following y-ray energies were found (relative intensities

TasLE V. Nasa(a, 7)Na~ p rays (Ki 51).
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TABLE VI. Levels in Na" from Na" (e,n)N a" (St 52b).

Resonance
energy in

kev

204
217
243
297
396
451
542
602
710
784
914
988

Na24 level
in Mev

7.150
7.163
7.188
7.240
7.335
7.387
7.474
7.532
7.635
7.706
7.831
7.902

Width in
kev a'res in barns

5
14

7

23
9

39
6

72
38
36
24

2.1
2.5

1.4

J
1
0

1012
1
1
1

(1)
(1)
(3)

(2 or 3)
(3)
(1)

(1)
(1)
(1)
0

(1)
(1 or 2)

(0)

in brackets): 2.79 (45), 3.05 (61), 3.25 (56), 3.55 (70),
3.92 (39), 4.35 (89), 4.82 (100), and 5.37 Mev (31)
(Mi 50a). The erst 7 ray results from the Na" P decay.
The 7 rays at 3.55 and 3.92 Mev check with Kinsey's
lines I and F (see Table V).

See also Bj 34a, Am 35.

IV. Na" (e N)Na" Es——6.955

Measurements up to 1950 of total cross section es
neutron energy have been reviewed by Adair (Ad 50).
The cross section is constant (3 b) below E =1 kev
(Hi 50a, Ho 52).

In the E„=1—100 kev region resonances are found
at 3.0&0.6 kev (J=2) (Hi 50a, Hi 52, Ho 52) and at
55 kev (Ad 49, Hi 52). Twelve resonances (Table VI)
were found in the E„=0.12—1.0 Mev region which has
been explored at high resolution with Li(p, m) neutrons
(St 52b). See also Ad 49. Resonances found with
D(d, l) neutrons at 30—50 kev resolution have been
reported at E„=1.97, (2.07), 2.10, 2.17, 2.21, 2.29,
2.42, (2.46), 2.55, 2.65, 2.73, 3.26, 3.36, 3.54, and 3.68
Mev (Me 53).

At E = 14 Mev the total cross section is 1.71~0.03 b
(Co 52a). See also Ma 40, Hi 50, Dv 53.

l' =2 for the ground-state group, /„=0 and 2 for the
unresolved groups to the 0.47- and 0.56-Mev levels, and
l„=0 for the group to the 1.34-Mev level, indicating
J= 1+ or 2+ for this level (Sh 54).

VI. Mg'4(n, p) Na'4 Q„=—4.749

The cross section of this reaction for B e(d, n) neu-
trons (Eq 15 M—e—v) is 39&4 mb (Co 51). At E„=14.5
Mev, the cross section is 191&35mb (Pa 53). See also
Am 35.

VII M.g"(y,p)Na'4 Q~= —12.073

The cross section shows a maximum of 14.8 mb at
E,=21.7 Mev with 6.0-Mev width and the integrated
cross section is 100-Mev mb (Ka 51b). From enriched
target bombardments a maximum of 13.7 mb is found
at 20.5 Mev with an integrated cross section of 56-Mev
mb (To 51). See also Ba 46, Hi 47. The threshold has
been measured as 11.5&1.0 Mev (Mc 49).

VIII. Mg" (d n)Na" Q~= 2 881.
The Na" activity has been measured as a function of

deuteron energy up to 14 Mev (He 35, Cl 46, Cl 46a).
At E~=8.7 Mev the cross section for this reaction has
a maximum of 95 mb (C146). See also A149, A149b.

IX. APr(e&n)Na'4 Q~= —3.155

At E„=14 Mev the cross section is 135~10 mb
(Fo52a) and 79&16 mb (Pa53). See also K134,
Am 35, Po 36, Po 38.

X. AP'(d np)Na'4 Q = —5 381

The absolute cross section for this reaction has been
measured from the threshold E~=11.0~0.5 Mev to
190 Mev. A sharp maximum of 53 mb exists at ap-
proximately 22 Mev followed by a broad minimum of

TABLE VII. Levels in Na" from Na" (d P)Na".

V. Na" (d p)Na'4 Q =4.729

The ground-state Q value has been measured by
magnetic analysis as 4.731&0.007 Mev (Sp 52) and
4.723&0.008 Mev (Mi 52). Eighteen levels in Na'4 have
been found by high-resolution magnetic analysis at
deuteron energies between 1.5 and 2.2 Mev (Sp 52).
They are collected in Table VII together with the levels
found by an absorption method at Es= 3 Mev (Wh 50).
See also La35, La35a, Li37, Mu 39, Ba42, C144,
Cl 46a, Ne 50b, St 51.

The angular distribution of the secondary protons
has been measured at E~= 1.15 Mev with nuclear emul-
sions both for the ground-state group and for groups
leading to the Xa24 excited states at 0.47 and 0.56 Mev
(unresolved) . Butler analysis yields l„=2 for the
ground-state group in agreement with known spins and
parities of Na" and Na" (Ta 53). The angular distribu-
tion of the secondary protons at Ez= 3 Mev gives also

Group

(o)
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

(«)
(11)
(12)
(13)
(14)
(»)
(16)
(17)
(18)
(19)

0 values (Mev)
(sv 52)

4.731+0.007
4.259+0.007
4.167&0.007
3.390&0.006
2.887+0.006
2.847&0.006
2.267&0.006
2.170%0.006
1.322&0.005
1.149+0.006
1.108&0.006
1.083&0.006
0.993%0.005
0.881+0.005
0.832+0.005
0.802+0.005
0.547&0.005
0.529+0.005
0.512+0.005
0.173&0.005

Na'4 levels (Mev)
(SP 52)

0
0.472+0.008
0.564&0.008
1.341&0.008
1.844&0.008
1.884&0.008
2.464+0.008
2.561&0.008
3.409+0.008
3.582&0.009
3.623&0.009
3.648&0.009
3.738&0.008
3.850&0.008
3.899m 0.008
3.929&0.008
4.184&0.008
4.202&0.008
4.219&0.008
4.558&0.009

Na24 levels
(Mev)

(Wh 50)

0.54
1.32
1.83

2.55
3.44

3.81

~ ~ ~

3.99

4.27
~ ~ ~

4.64



ENERGY LEVELS OF LI GH I' NUCLEI Na'' Mg

18 mb near 60 Mev and a gradual rise to 22 mb at
190 Mev (Ba 53a). See also Cl 46, Cl 47.

GENERAL REMARKS

For a theoretical discussion regarding doublet levels
in Na'4 see In 53.

M '4

Mass defect: —6.864 Mev

I. Neoo(~, ~)Ne'o Eo= 9.332

With n particles from RaC' and ThC' and mica ab-
sorbers a resonance has been observed at E =5.9 Mev
indicating a level in Mg'4 at 14.7 Mev (Br 38a) . Thirteen
sharp resonances (half-width, I'&10 kev) have recently
been observed in the neon elastic cross section at four
diferent scattering angles for E =2—4 Mev. Eleven
of these are assigned to Ne" (compound nucleus Mg")
and two to Ne" (compound nucleus Mg"). Spins and
parities are found from partial wave analysis. The
resonances in Mg" occur at E (in Mev) = 2.488
(7=1 ), 2.573 (0+), 2.652 (2+), 2.903 (0+), 3.062 (1 ),
3.184 (2+), 3.548 (3 ), 3.780 (1 ), 3.801 (2+), 3.839 (4+),
and 3.923 (2+), corresponding to Mg'4 levels between
11.4 an 12.6 Mev. The resonances in Mg" are f d t

.245 (3 ), and 3.418 Mev (3 ) corresponding to
Mg" levels at 13.388 and 13.543 Mev (Go 53e).

IA. Ne" (n,ll)Mg'4 Q~= 2.576

Not observed.
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Detection:

+res ln
kev

Cu 39

G.M.
counter
(~ rays)

425
525

590
690
755

Bu 41

G.M.
counter
(y rays)

310

~ ~ ~

515
576
598
~ ~ ~

735
~ ~ ~

867
~ ~ ~

1006
1080
1159
1206
1255
1281
1324
1392
1412
1454
1638
1732
1795
1829
1930

Ta 46

G.M.
counter
(v rays)

255&3
310&3
375&4
445&5
510a5

Fr 48

Ion.
chamber

(n particles

590

740
800

920

a Width 70 kev, probably unresolved doublet.

TABLE yTTT RVT I, Resonances in the proton bombardment of Na". II. Na" (p,y)Mg" Q„=11.703

The resonances observed in the proton bombard-
ment of sodium are collected in Table VIII.

The region from E„=0.8 to 1.7 Mev has also been
explored by Teener et al. (Te 53) who find the same
thirteen resonances as given in Table VIII (Bu 41).
In the region from E„=1.0 to 2.6 Mev thirty-seven
resonances are observed (St 52a). No specific resonance
energies are x'eported in these latter two investigations.

The following p-ray energies have been determined by
absorption: 6.8 Mev (Ta 46) and 8.3 Mev (Ge 37) f

e resonance at E„=310kev, 9.0 Mev for the resonance
at 510 kev (Ta 46), and 11.2 Mev for the resonance at
750 kev (Cu 39). Gamma-ray energies and relative in-

tensities determined by scintillation spectrometer at the
310kev resonance are given in Table IX. Lines A and E

1.3
can e explained as a cascade through the Mg'4 level teve a

.37 Mev, line D corresponds to a transition from the
resonance level to the doublet level around 4.2 Mev

(Ca 53). At the resonances above E~= 1.0 Mev mainly

two p rays of E~=0.45&0.01 and 1.63&0.02 Mev are
found by scintillation spectrometer. The first results
from the Na" (p,p') reaction and the second from the
Na" (p,n')Ne"* reaction leading to the 1.63-Mev level

in Ne"in Ne . Only at the E„=1.415 Mev resonance is hard
capture radiation observed (St 52a). In more recent
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TAaLE IX. Gamma rays from Na" (P,y)MI'4 at
E, 305 kev (Ca 53).

Line Energy (Mev)

1.38+0.04
(3.6 &0.2)
6.84+0.24
7.50&0.20

10.3 &0.3

Rel. intensity

20

11

work 52 (p,p'y) resonances are found in the E~=1.01
—2.43 Mev region, of which 35 are resonant for hard
capture y rays (St 53d). See also He 37, Ho 41.

III. Na" (P,n)Mg" Eb= 11.703 Q~= —4.877

Resonances in the Mg" activity yield are observed at
E„=5.31, 5.61, 6.00, 6.20, and 6.43 Mev (B151).For
threshold determinations see Mg".

V Na" (p n)Ne" Eb=11.703 Q,=2.372

Resonances in the ground-state transition of this
reaction are given in Table VI, last column (Fr 48).
For resonances in this reaction leading to the 1.63-Mev
level in Ne" see Mg" reaction II. The e—y angular
correlation of this transition has been measured at the
E~=1.255 Mev resonance in planes parallel and per-
pendicular to the proton beam. The result can be ex-
plained by taking J=2+ for the Ne" 1.63-Mev level and
J= 1+ for the Mg'4 resonance level (Se 53). Angular dis-
tributions of n particles leading to the Ne" ground state
and erst excited state have been measured at six reso-
nances in the E~= 1 to 2 Mev region (St 53a). Of 52
Nass(P, P'y) resonances in the E~=1.01—2.43 Mev re-
gion 17 are resonant for the Na" (p,a) reaction (St 53d).

VI. Na" (d,n)Mg'4 Q =9.478

In the bombardment of sodium with 1.4-Mev deu-
terons several neutron groups are observed by their
recoil protons in nuclear emulsions. The reported Q
value of the ground-state transition is 9.23 Mev. The
other Q values indicate levels in Mg'4 at 0.83, 1.24, 1.66,
4.16, 7.70, and 8.64 Mev (Ma 49). The levels at 0.83
and 1.66 Mev have not been observed in other reactions.
At E&=3.7 Mev a p ray of E~=8.8&0.6 Mev is found,
which might also belong to Na" (d,a)Ne" (Al 49b). See
also La 35, Hu 51.

VII. Na'4(P )Mg" See Na~

Precision measurements of the y rays in this decay
(E,=2.7535+0.0010 and E~=1.3680&0.0010 Mev)
constitute the most accurate determination of the ex-

IV. Na" (p,p')Na" Eb = 11.703

For resonances in the inelastic scattering leading to
the 0.44-Mev level in Na23 see Mg'4 reaction II.

For Na" levels found from inelastic scattering see
Na~'.

citation energies of the two lowest levels in. Mg'4, vis. ,
1.3680+0.0010 Mev and 4.1215+0.0014 Mev (He 52).

VIII. Mg'4(n, n') Mg'4

Inelastic scattering of 2.5-Mev neutrons has been
investigated by several authors. Observation of the
recoil protons in a cloud chamber yields a level at 1.30
Mev (Li46). The energy of the y rhys has been de-
termined by an absorption method as E~= 1.4+0.1 Mev
(Gr 51) and by scintillation spectrometer as Er= 1.365
&0.02 Mev (Da 53) and E„=1.40 Mev (Ga 53). The
inelastic scattering cross section is measured as 0.75
+0.23 b (Gr 51) and 0.6 b (Li 46) and the elastic cross
section as 1.6 b (Li 46).

IX. Mg" (p,p')Mg'4

Inelastically scattered protons have been observed
by numerous authors using bombarding energies from
2.4 to 15.3 Mev. Only Mooring et al. (Mo 51) have
worked with enriched targets. The 1.37-Mev level has
been observed by all (Wi41, Di43, Rh49, Fu48,
Mo 51, Ba 52, Ha 52, and St 52) and is most accurately
determined as 1.371+0.002 Mev by electrostatic an-
alysis of the scattered protons (Do 53). A level near
4.17 Mev has been found by Wi41, Fu48, and Ba52,
whereas Hausman eL aL. (Ha 52), using magnetic an-
alysis, proved it to be a doublet of 4.13+0.02 and
4.24+0.02 Mev. All other levels reported below 4 Mev
(Wi 41, Di 43, Fu 48) can be assigned to Mg" or Mg"
The levels at 5.10 Mev (St 52), 5.51+0.3, 7.32+0.3,
8.30+0.4 Mev (Fu 48), and 6.38+0.08 Mev (Ba 52)
may belong to Mg'4, but are possibly due to Mg"
or Mg".

The angular distribution of elastically scattered
protons and of inelastically scattered protons corre-
sponding to transition to the 1.37 Mev Mg'4 level has
been measured at E~=4.5 Mev (Rh 50), at 6.9 Mev
(Wi 41, Wr 43), at 7.3 Mev (Go 52), and at 9.6 Mev
(Ba 52). See also Wi 40a, Ha 52c.

The p —y angular correlation (transitions to the
1.37 Mev Mg'4 level) has been measured at E„=7.3
Mev (Go 52a).

See AP' for resonances in the elastic scattering cross
section.

X. Mg'4(d, d')Mg'4

The 1.37-Mev level is observed from the inelastic
scattering of deuterons of bombarding energy 6 Mev
(Gr 49), 7.5 Mev (Ho 49), and 14 Mev (Bo 50).
Moreover, levels at 4.4 and 6.3 Mev are found at
E~=14 Mev (Bo 50).

The angular distribution of the inelastically scattered
deuterons (E~= 7.5 Mev) shows maxima at 35' and 80',
and minima at 60' and 120' (Ho 49). This indicates
L„=2 andy = (1,2 or 3)+for the 1 37-Mev level (Hu 51a).
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XI. Mg'4(n, n)Mg'4

See Si' for resonances in the elastic scattering cross
section.

XII. Mg" (y,n) Mg'4 Q„=—7.324

The threshold is E~= 7.25+0.20 Mev (Sh 51a), See
also Mg" reaction IV.

XIII. AP4(P+)Mg" See AP4

XIV. APr(p, n)Mg'4 Q =1.593

Recent determinations of the Q value are:

Q= 1.585&0.015 Mev (magnetic analysis,
E„=0.94 Mev) (Fr 50b);

Q= 1.595&0.007 Mev (magnetic analysis,
E~= 1.8 Mev) (Va 52a);

Q= 1.594&0.002 Mev (electrostatic analysis,
E„=1.2 Mev) (Do 53);

Q=1.61 +0.02 Mev (magnetic analysis,
Eo=0.5 0.7 Mev) (R—u 53a).

See also Fr 48, Ka 52.
Transitions to the 1.38, 4.11, and 4.21 Mev levels are

observed by magnetic analysis at E~=8 Mev (Re 52).
An accurate determination by electrostatic analysis at
E„=2.7 and 3.4 Mev gives a mean value of 1.366%0.004
Mev for the erst level in Mg" (Do 53). See Si' for
resonances. See also Sh 51.

]24

(not illustrated)

Adopted mass defect: 7.1 Mev (Bi 52)

I. AP4(P+)Mg'4 Q =140
The half-life is given as 2.3&0.2 sec (Bi 52), 2.10

+0.04 sec (G153) and 2.0+O.I sec (Br 53c). Gamma
rays observed by scintillation spectrometer are listed
in Table X.

The 1.39-, 4.22-, and 5.36-Mev y rays correspond
probably to de-excitation of known levels in Mg'4 to the
ground state, the 2.72- and 7.08-Mev y rays to transi-
tions from the 4.122- and 8.4-Mev level to the 1.368-
Mev level. It is noteworthy, that whereas the 4.12-Mev
level decays by a cascade through the 1.37-Mev level
(as in the decay of Na"), the 4.23-Mev level is de-
excited by a direct transition to the ground state.

TAsLE X. Gamma rays in the decay of AP4.

One per several thousand disintegrations proceeds
through an excited level in Mg'4, which emits a particles
of E =2+0.5 Mev (Bi 52, Gl 53, Gl 53b, Ri 53).

For a theoretical prediction of the AP' spin see
De 53a.

II. Mg'4(p, n)AP4 Q„=14.8

The AP4 activity has been discovered in the bombard-
ment of magnesium with protons of a 30-Mev linear
accelerator. The threshold is determined as E„=15.4
+0.3 Mev (Bi 52).

(not illustrated)

Adopted mass defect: —2.1 Mev (Mc 49, Bl 47).

I. Na"(P )Mg" Q =3.7
The half-life has been determined as 61.3&2.4 sec

(Hu 44), 60.0&1.2 sec (Ri 44), 62.5 sec (Ba 46),
58.2&1.3 sec, and 62.0 sec (Pe 48). See also Hu 43 and
Hu43a. The maximum P energy is about 3.4 Mev
(Hu 44, Ri 44, and Mc 49). Bleuler and Ziinti suggest a
mixture of two P transitions with maximum energies
2.7 and 3.7~0.3 Mev and relative intensities of 45
percent and 55 percent, as they have detected low-

energy p radiation of an intensity less than one p per
P transition (B147). Both transitions are allowed as
follows from the ft values (log ft= 4.8 and 5.3).

II. Ne" (n p)Na" Q„=—3.4
Na25 activity has been found by the bombardment of

neon with Po n particles (Ol 51).

III. Mg"(n, p)Na" Q = —3.0
At E„=14.5 Mev the cross section is 45&18 mb

(Pa 53). See also Hu 44, Ri 44.

IV. Mg" (y p)Na" Q = —14.0

By this reaction Na" has been discovered (Hu 43,
Hu 43a, and Hu 44) with y's from the proton bombard-
ment of lithium (E„=14.8 and 17.6 Mev). The cross
section' at these y energies is 1.9 mb (Hi 47, Wa 48).
The threshold is at E~=14.0&1.0 Mev (Mc 49). A
detailed study of the cross section as a function of E~
shows a maximum (o = 19.3 mb) at E,=22.6 Mev with
a half-width of 3.3 Mev and J'odE=0.085 Mev b
(Ka 51b). With the x-rays of a 70 Mev synchrotron
fodE=0.092 Mev b has. been found (Ed 52). See
also Ba 49.

Author

Ez in Mev

Gl 53, Ri 53

1.39a0.03
2.73&0.06
4.22~0.10
5.35&0,10

(6.4)
7.12&0.10

Br 53c

1.38%0.04
2.70&0.06
4.21&0.12
5.37&0.14

(5.66&0.18)
7.02&0.20

Mg"
Mass defect: —5.824 Mev

I. Ne22(n, n)Mg" Q = —0.462

Two neutron groups are reported from this reaction
with Q values: —0.916+0.07 Mev and —1.71a0.08
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11,15
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-11.105
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6.40 ~.

5.94 ~.
I
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4+2-4.26-
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T
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2.74
2.56
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1.61

0.98 1+2,2)

0.58, J= 2

25
Mg

Fzo. 8.

Po-st

-0.462
Ne +Cbt-h
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E~=1.9 Mev, has also been observed with a two-
crystal scintillation spectrometer (Br 53b). The great
intensity of line J (from the capture state to the p
level at 3.405 Mev in Mg") is explained in a natural
way as being the most energetic E1 transition. Since this
level is de-excited by p rays E and L to the ground
state (spin 5/2+) and the first level (spin —',+), both these
competing transitions must be E1, and the spin of the
3.405 level is uniquely determined as s (Ki 53e).

A recalculation of the intensities of some lines in
photons per 100 captures in Mg" is given in (Ki 53e).

IV Mg24(«)Mgs4 Eb 7 3—24.

The earlier data on neutron cross sections of natural
magnesium have been compiled by Adair (Ad 50). Up
to E.„=400 ev no resonances are observed (Ra 48,
Hi49a), whereas some broad resonances have been
found between 0.1 and 2.0 Mev (Fr 50, Fi 47) indicating
levels in Mg" at 0.58, 0.69, 1.09, 1.27, 1.60, and I.66
Mev above the neutron binding energy (Fr 50).

The cross section is about 2 b at E„2.5 Mev (Ao 39,
Zi 39, Ma 40) and 1.75+0.03 b at E„=14 Mev (Go 52a).
See also Am 46, Am 46a.

Fields and Walt (Fi 51) have observed resonances at
E„=85, 275, and 430 kev, which are attributed to Mg'4
and indicate J=-,', —,', and —,

' for corresponding levels
in Mg'5 at 7.40, 7.58, and 7.73 Mev. Also broad reso-
nances were found at E„=560 and 680 kev and a weak
narrow resonance at 22 kev, which might be due to one
of the less abundant magnesium isotopes.

Mev. Po—o, 's and photographic emulsion technique
(Ol 51) were used.

II. Na" (P )Mg" See Na"

III. Mg" (tb y) Mg'-' Q = 7 324

The thermal neutron capture cross section of iso-
topic Mg'4 has been determined as 33&10mb (Po 52a).
For natural magnesium values have been reported of
60&3 mb (Ha 50), 57&6 mb (Co 50), and 60&6 mb

(Po 51). See also Ra 42, Vo43, Co 46a.
Sy high-resolution pair spectrometer thirteen p rays

have been found resulting from the capture of thermal
neutrons in natural magnesium (see Table XI) (Ki 51,
Ki 53a). Nine of these might be ascribed with more or
less certainty to capture in Mg" although in principle
some of them might also be due to captures in Mg" or
Mg . Line C almost certainly corresponds to transi-
tions leading to the ground state of Mg"; lines E, F2,
and 6 could lead to known levels at 0.58, 0.976, and
1.61 Mev. Lines J and E form a cascade to the ground
state through the 3.405-Mev level, which level is also
de-excited by line L to the 6rst level. Finally, lines B
and I might also be fitted into the Mg" level scheme.
The 2.8-Mev line, in addition to one more line at

TABLE XI. Gamma rays found from capture of thermal neutrons
in natural niagnesiunt (Ki 51, Ki 53a).

y ray

8
C
D
E.
P1
J'2
G
II
I
J
E
I.

Energy in Mev

9.26 %0.04
8.16 &0.03
7.37 a0.08
7.15 +0.04
6.75 +0.04
6.440&0.008
6.358&0.007
5.73 w0.04
5.50 &0.04
505 &007
3.918+0.004
3.45 &0.07
2.83 &0.05

Intensity in
photons per
100 captures

9
0.5

2.5
1.3
3.5
1
7
9

70
16
39

Final nucleus

Mg2'
Mg"
~g25
Mg'8
Mg25, Mg"
Mg2~
Mg2~
Mg2~

(Mg2~), Mg'6
(Mg")
Mg25
Mg25
Mg2~

V. Mg'4(d, P)Mg" Q =5.099

The most accurate Q value obtained by magnetic
analysis for the ground-state transition is 5.097&0.007
Mev (En 52b). This figure supersedes an earlier value
given by the Massachusetts Institute of Technology
group of 5.094&0.010 Mev (St 51). Ten levels in Mg'b

(see Table XII) have been found from the magnetic
analysis work using natural magnesium targets (En 52b) .
Assignment of proton groups to Mg'4(d, p)Mg" was
done by comparison with Mg" levels found from
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TAnrz XII. Energy levels in Mg'5 from Mg" (d P)Mg's. TABLE XIII. Energy levels in Mgss from AP~(d, n)Mg s.

Author:
Bd in Mev:

Method:
Qo (Mev):

Al 49
0.93
Al

absorp-
tion
5.03

En 52b, En 53a
1.8

Magnetic
analysis

5.097 ~0.007

Am 52
1.9

Nuclear
emulsions
4.99&0.10

Ho 53c
8

Al
absorption

Author:
Bd in Mev:

Po 49
3.79

Al
Method: absorption
Q0 (Mev): 6.52 ~0.06

Fr SOa
0.93
Air

absorption
6.62 &0.05

Sc 50
11.1
Al

absorption
6.58 +0.03

To 52
10,8

Nuclear
emulsions

En 52b,
En 53a

2.1

Magnetic
analysis

6.694 ~0.010

Levels in Mg~s
in Mev

0.58
0.98

0.582+0.006
0.976a0.006
1.612~0.006
1.957+0.006
2.565+0.006
2.742+0.008
2.806&0.007
3.405+0.007
3.899+0.008
3.972+0.010
4.052&0.010)
4.265+0.007)

(4.421&0.010)

0.58%0.10
0.94a0.10
1.62 &0.10

4.62&0.05
5.05&0.07
5.47&0.05
6.40&0.05

Levels in 0.58 +0.05
Mg» 0.81 ~0.07 0.94 +0.05
in Mev 1.58 ~0.07 1.54 +0.05

1.87 %0.05
2.54 &0.07

0.57 +0.05
0.96~0.05
1,63 +0.04
1.97 ~0.05

0.58 ~0.02
0.93 &0.04
1.62 ~0.03
2.09~0.05

4.01 +0.05
4.81~0.05
5.48 +0.05
5.95 +0.05

3.96+0.04
4.12 ~0.04
4.87 +0.03
5.56 &0.03
5.93 ~0.03
6.98~0.03
7.85 ~0.04
8.62 ~0.05
9.06 ~0.04
9.75 ~0.04

10.78 ~0.04
11.89~0.05

2.74 ~0.04 2.74 ~0.03

3.36 &0.04 3.36 +0.03

0.584 &0.006
0.977 &0.010
1.610+0.010
1.958 &0.010
2.558 &0.010
2,729 ~0.010
2.791~0.015
3.404 +0.012
3.896~0.015
3.960&0.015
4.057 ~0.015

a A ground-state Q value of 5.097 Mev has been assumed.

AP7(d, n)Mg's and by comparison with proton groups
found from targets enriched in Mg" or Mg" content.
The lower levels are in good agreement with other
authors using enriched targets (A149, Am52). Four
levels above 4.6 Mev have been observed by Holt and
Marsham (Ho 53c). See also Al 46, Al 48, Ne 48,
Ne 50b, Va 52a.

In the bombardment of natural magnesium with 3.7-
Mev deuterons a p ray of 5.1&0.3 Mev is observed with
an absorber technique (A149b). This y ray may be
attributed to Mg'4(d, p)Mg", but could also belong to
several other reactions.

Angular distribution measurements and Butler
analysis yield t =0(J=s+) for the level at 0.58 Mev
and for one or more of the three levels around 2.7 Mev,
1„=1(J=-', or s ) for the level at 3.40 Mev and
t =2(J=$+ or 5/2+) for the ground state and the
levels at 0.98 and 1.96 Mev. The angular distribution. of
protons associated with transitions to the level at 1.61
Mev is isotropic. From the relative intensities of the
proton groups neutron capture probabilities can be de-
duced which give some more information on the con-
6guration (single particle or multiple excitation) of the
level concerned (Ho 53c).

VI. Mg" (y)p)Na" Q = —12.072

With x-rays from a 61 Mev synchrotron a maximum
in the cross section was observed at ED=22&3 Mev
with a half-width of 12&3 Mev (Sa 51).

VII. Mg" (p,p')Mg"

By magnetic analysis of the scattered protons of
bombarding energy E„=8Mev on natural magnesium
targets levels are found at 0.61; 1.62; 1.98; 2.56; 2.76
(possibly a doublet); 3.41; and 3.91 all +0.02 Mev

a A ground-state Q value of 6.694 Mev was assumed.

(Ha 52). They agree well with levels in Mg's found
from other reactions.

Probably some levels observed by other authors
(Wi 41, Di 43, Fu 48, and St 52) in the bombardment
of natural magnesium have to be assigned also to this
reaction.

VIII. Mg" (y N)Mg" Q = —11.105

The threshold of this reaction was measured as
11.15+0.20 Mev (Sh 51a). See also Mg" reaction IV.

IX. AP'(P+)Mg" See AP'

X. AP'(d n)Mg" Q =6.692

Table XIII shows good agreement between the level
positions found with difkrent bombarding energies and
detection methods by diBerent authors and also with
the level positions deduced from Mg" (d,p)Mg" studies
(Table XII). See also Le33, Mc35, A149b, En 51,
St 51.

The O.-particle yield measured at E&=11.1 Mev de-
pends markedly on angle for most groups. Only the
n-particle group leading to the 1.61-Mev level is iso-
tropic (Sc 50).

XI. Si"(n&n)Mgss Q~= —2.672

Not observed.

]25

Adopted mass defect: —1.58 Mev (Go 53)

I. APs(P+)Mgss Q =4.24

The half-life has been measured as 7.3 sec (Br 48),
and 7.62+0.13 sec (Ch 53).

If it is assumed that the P+ decay proceeds to the
Mg" ground state the log ft value would be 3.5, the
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3.66
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3.14
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240

2.01

1.66
1.62
1.49

O.B25—
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0.418

0.2 22—
2.29
Mg +p

5.81
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J 9,3)
3.85
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3.09 J= y
(2.92)
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2.51
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1.81
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spectrometer: 0.48&0.05, 1.95+0.06, and 2.35&0.1
Mev (Ca 53). They might be interpreted as transitions
between the following AP' levels: 0.45 Mev —+ground,
2.51 Mev—4.45 Mev, and 2.51 Mev—+ground. The thick
Mg-target proton capture probability is given as
5X 10 "captures/proton.

III. Mg'4(p, p)Mg'4 Es=2.29

The differential cross section at 164' has been de-
termined with thin enriched targets and magnetic
analysis of elastically scattered protons for proton-
bombarding energies between 0.4 and 3.9 Mev (Mo 51).
Partial-wave analysis (Ko52) of these data yields
eight levels in AP' and their width and classiication
(Table XIV). No resonance has been detected at

TABLE XIV. Levels in AP' from the Mg" (p,p)Mg
reaction (Mo 51, Ko 52).

095 J=P, )

Bombarding energy
in lab. system Level& in Al»

(Mev) (Mev) Width (kev) Classification

2m c

045

0„ 5+
i(J

Mg +d-n

0.825
1.49
1.62
1.66
2.01
2.40
3.14
3.66

3.08
3.72
3.85
3.88
4.22
4.60
5.31
5.80

1.5
0.3

36
0.1
0.15
0.3

200

Pg

P7,
D
D
D
Pff,

(D)

a Using a proton binding energy in Al» of 2.29 Mev.

-4.25 Z J=as

Mg25

Fxo. 9.

-7.70
.28Sl +p-ot

-5.02
Mg +p-n

usual value for super-allowed transitions between mirror
pals.

II. Mg'4(p y)AP' Q„=2.29

From thin enriched target measurements resonances
have been found in the production of radioactive AP' at
E„=222 and 417 kev (Gr 50) corresponding to levels
in AP' at 2.50 and 2.N Mev.

High-precision measurement of the energy of the
second resonance by electrostatic deflection of the pro-
tons and a thin separated Mg" target yields X~=418.0
&0.5 ltev (Hu 53).

From thin natural magnesium target bombardments
resonances have been found in the p-ray yield accom-
panied by P+ activity at E„=222&1, 310&3, 392&4,
417&4, 492&5, 508&5, and 525&6 kev (Ta 46). They
might be assigned to levels either in Al" or in Al". See
also Cu 39, and Ho 41.

The following p-ray energies have been measured at
the 222 kev resonance making use of a scintillation-

E~=0.417 Mev as found from the Mg'4(p, y)AP' re-
action.

TasLE XV. Levels in AP' from the Mg'4(d, e)AP'
reaction (Go 53).

Q value
(Mev)

Level in Al»
(Mev)

Maximum
Number of value

tracks of tr (8) Classi-
counted (mb/sterad) fication

0.07~0.06—0.38&0.06—0.88+0.05—1.74+0.04—1.87&0.04—2.44&0.04—2.67%0.04—2.85%0.04-3.04+0.03

0
0.45&0.03
0.95&0.03
1.81&0.04

(1.94)
2.51&0.05
2.70+0,05

(2.92)
3.09&0.06

267
1100
430
103
14

372
302
35

750

3.0
57
2.5

D
Sg
D

IV. Mg'4(d, n)APs Q =007
Thin enriched targets were bombarded at Ed=4.0

Mev (Go 53). Neutrons were detected with nuclear
emulsions at six angles. Q values, levels in AP', counted
number of tracks, maximum value of the diQ'erential
cross section, and classiication of levels (from Butler
analysis) are assembled in Table XV. See also Fa 51,
Hu 51.
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V Mg"(p n)A12' Q = —5.02

The threshold for production oof radioactive AP' is
E,=5.1 Mev (Bl 51). See also Br 48.given as E~=

VI. SPs(p,+)AP Q = —7.70

Not observed.
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The thermal neutron absorp
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III. Mg" (d,p)Mg" Q =8.880 Mev

has been studied both with naturalT is re etio
magnesium targets ( oo4I AI46, A, e

a'8 o. Mg'6.TABLE XVI. Proton groups from Na, g .

a source

Po

Ra(a+ Cl

Po
cyclotron (7 Mev)

Po

Author

Ko 34

Ma 36
Ll 37

Me 40
Mo 48
Hj 52

Levels in MgM {average):

Energy measurement

Al abs.

Al abs.

nucl. emuls.
Al abs.
nucl. emuls.

1.91 —0.2

Q values (Mev)

—1.3-1.17

2.7

—2.1~0.2 —3.1~0.2

3.9

—0.4+0.2
1.64 —0.15
1.44 1.12 -0.30
1.55 1.15 —0.17

0 (0.36) 1.8
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YAsr.z XVII. Protonroton groups from Mg" (d,P)Mg". defect of-f —6.0&0.1 Mev and the Al'
dt i db MElh'c mney et a/. M

Author:
Ba (Mev):
Method:

t
Ep

1.043
0.960

0.924

0.612
0.722
O.eso O

o.seo
o.469 os B

0.366

V. AP'(P+) Mg" See Al" 5.7

VI. AP'(7, p)Mg" Q = —8.261

d d
ev with a half-width

e cross section of 0.12 Mev b

7.6
14 resonance

levels

7.O 6.6
Mg25+p g
(expanded scale)

5.1

3

3.6

Am 52
1.9

En 52a

Nuclear emulsions
1.8

0 value M»
Magnetic analysis

g 5 level 0 value
( ev) (Mev) (Mev)

Mg» level I. Al'6 + M 26

8.86&0.10

lMev)

7.02+0.10 1.84 7.055w0.01S
&0.10 ~ 8.880+0.012 a f-life determinations are 7
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TABLE XVIII. Beta decay of Mg

Ref.

He 35
%i 38
Ri 38
Cr 39
Mo 40
It 41
Ek 43
8147

Be 48

Da 53a

Da 53a

Da 53a

Method

Al abs.
Al abs.
cl. chamber
cl. chamber
A) abs.
spectrom.
cl. chamber
Al abs.

spectrom.

Al abs.

scint.
spectrom.

spectrom.

Ep, (Mev)

2.65+0.14
(0 34'7o)

L&'p (Mev)

2.05
1.96 &0.15

1.8
1.74 +0.05

1.77 +0.09
1.78

(75%)
1.80

(go%)
1.72 +0.06

(7s%)

1.754+0.004
(58.2%)

Ep (Mev)

1.32
(25'r" )

&0.90
(20%)

1.5 ~0.1
(25'Fo)

1.592+0.005
(41 4/o)

E&& (Mev)

1.02 +0.02
1.05 +0.08
1.1 ~0,1

1.01 &0.03

1.00 &0.03

1.020+0.008

E& (Mev)

0.88 +0.05

0.84 +0.02'

0.835+0.025

0.88 +0.08

0.84 +0.05

0.839&0.008

a Intensity 45 percent of 1.02 Mev y ray,

components and two p rays are observed. Measure-
ments of end points, p-ray energies, and relative intensi-
ties are collected in Table XVIII. A third p ray of
E~=0.64+0.01 Mev and an intensity of 30 percent
of the 1.02-Mev 7 ray (It 41) has later not been con-
firmed. Because p —y coincidences had been reported
(Be 48) it has been assumed until recently that the low-

energy P component proceeded through a 1.8-Mev level
in AP', which level, however, was not found from other
nuclear reactions. It has now been shown that there are
no p —p coincidences and that only the well-known AP'
levels at 0.84 and I.02 Mev are involved. Such a decay
scheme is strengthened by P—y coincidence measure-
ments (Da 53a). See also Bl 45, Va 52c.

The P transitions to the 0.84- and 1.02-Mev levels
are allowed (both log ft=4.8), while the ground-state
transition is forbidden (log ft= 7.8). The latter
(J=sr+-+5/2+) would be about 10' times faster than
is usual for second forbidden transitions.

II. Mg" (ft,y)Mg" Q = 6.432

The thermal neutron absorption cross section of iso-
topic Mg" is 60&60 mb (Po 52a) and the activation
cross section 48&10 mb (Se 47). For 6ssion neutrons
(E„1Mev) the activation cross section is 0.60 mb
(Hu 49, Hu 53a). See also On 41, Si 41a.

Energies of a number of p rays from the capture of
thermal neutrons in natural magnesium have been de-
termined by pair. spectrometer (Ki 51, Ki 53a) (see

TABLE XIX. Proton groups from Mg" (d,p)Mg".

Table XI). Line Fx (E„=6.440+0.008 Mev) results
from capture in Mg" and represents the ground-state
transition.

III Mg" (d,P)Mg" Q„=4.2()7

Measurements of Q values and Mg'r levels from en-
riched targets are collected in Table XIX. See also
He35, Cr39, A146, A148, Ne48, A149b, Va52a.

Angular distributions of three proton groups from
this reaction have been measured at A~=8 Mev. From
Butler analysis l„=0 is found for transitions to the
ground state and the 3.50-Mev level and l„=2 for
transitions to the 0.98 Mev level. This 6xes the ground
state and 3.50 Mev level as J=-,'+, and the 0.98-Mev
level as J'= 5/2+ or s+ (Ho 53c).

IV. AP'(e p)Mg" Q = —1.829

The yield has been measured from threshold to
E„=4 Mev (Br 49b). The cross section for Be(d,m)
neutrons (Ed=15 Mev) is 25&2.5 mb (Co 51) and at
E„=14Mev 79&6 mb (Fo 52a) or 52&10 mb (Pa 53).
See also F134, Me34a, Am35, K135, Hi40, Go 50a,
Ya 52.

V. Al" (t He')Mg" Q = —2.594

The bombardment of aluminum with 6.5-Mev
tritons yields radioactive Mg" (Po 52b).

VI. Si"(rs,n)Mg" Q = —4.219

The cross section at E„=j.4.5 Mev is 46&23 mb
(Pa 53).

Author Am 52
Method nucl. emuls.
Ed(Mev) 1.9

0 value
(Mev)

4.16~0.10
3.18&0.2

En 52a
magn. anal.

1,8
0 value
(Mev)

4.207 ~0.006
3.220 +0.005

Ho 53c
Al abs.

8.05
0 value
(Mev)

~ ~ ~ a
~ ~ ~ a

0.71 ~0.05

Mg" level
(Mev)

0
0.987 +0.006 (En 52a)
3.50 (Ho 53c)

a These two proton groups were observed but no Q values are given.

Mass defect: —9.245 Mev

I. Nass(n, n)AP' E,= 1O.11O

Resonances are reported at E =6.2 and 6.8 Mev with
RaC' n's (thick target) (Br 38). See AP' for threshold
measurement.
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+952

L1S3
LO53
0.98S
O.843

VI. Mg's(P, n)AP' E'q ——8.261 Q,„=—4.5

For resonances see AP' reaction IV.

aug
O 484

OA54 0.4~36
O.389
0.311

O.RSO

e.261

NIcP+

10
o cyrsgm sr

ar

10.110
NcP+ cc

VII. Mg" (d n)AP' Q =6.036

Eight neutron groups have been observed with nu-
clear emulsions from an enriched target at Eq=1.47
Mev corresponding to the ground state (Qs ——5.68&0.05
Mev) and levels at 0.88, 1.92, 2.75, 3.65, 4.33, 5.32, and
5.81 Mev (+0.07 Mev) (Sw 50). See also Al 49b.

Al +p-p' Al id-d'

5,74
g.62 5.56

~ 50 5345.22 5 115 00 4.'e7
4.65
4~7 4"
4.1 1

4,02 /,
' l
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ot Mg +d-ri26
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1.01

0.843
r I

I
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' Oni
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.6S {0.34 so}
-&54 (58.2 ~/o}

.592 (4&.4 ~so}

FIG. 13.

Al 3~ S/2 AI +g-p'27 27

VIII. Mg" (P )APr See llIg"

IX. APr (n,n )APr

Inelastic scattering of 2.5-Mev neutrons in aluminum
yields a level in AP' at 0.9 Mev. Neutrons were detected
by their recoil protons in an anthracene scintillation
spectrometer (Po 52, Po 53a).

From 2.5-Mev neutrons on AP' y-ray energies of
E,=0.843, 1.018, and 2.20 Mev (&1.5 percent) have
been determined with a scintillation spectrometer
(Da 53). These results have later been confirmed by a
similar method (E~=0.82, 1.02, and 2.34 Mev) (Ga 53).
The observed p rays represent direct de-excitation of
the lowest three excited states in AP' to ground.

The inelastic cross section has been measured at
E =14 Mev (Ph52).

TABLE XX. Resonances in Mg" (p,y)AI".

II. Mg'4(n p)AP' Q = —1.593

Early measurements with RaC' n's (Du 34) and
ThC' u's (Ha 35) indicate levels at 0.8 and 1.7 Mev.
See Si" for resonances. 'See also Li 37.

From a comparison of the resonances in Mg" (rr,p) AP'
and AP'(p, n)Mg'4 a Q value of —1.613+0.010 Mev is
derived (Ka 52).

Author
Target

Ll„(kev)

Ta 46
Natural Mg

290~3
324%3
336&2.5
388&4
430&4
452&2
494+5

Hu 53
Natural Mg

314.8+0.5
338.5+0.5
389.4&0.5
436.5+0.4
454.2&0.3
484.0a1.0

III Mg" (d. ,n)AP'
Eb = 17.141

IV. Mg" (d,p)Mg"
A resonance is found in both the neutron and proton

yield at 8~=0.965~0.015 Mev from natural Mg-target
bombardments. If assigned to Mg", this would corre-
spond to a level in AP' at 18.07 Mev (Al 48). However,
assignment to Mg" seems more probable.

660
726
812
843
952
986

1011
1053
2283

(all&10)

TABLE XXI. Gamma-ray energies from Mg" (P,'r)AP'.

V Mg" (p,y)AP' Q,„=8.261

Resonances observed in the p-ray yield are collected
in Table XX.Only those p-ray resonances which are not
accompanied by 8+ emission are assigned by Tangen
(Ta 46) to Mg" (p,y)AP'. See also Cu 39, Ho 41.

Gamma-ray energies have been measured at some
resonances and are summarized in Table XXI.

The p ray with E~=8.70 Mev corresponds to the
direct de-excitation to the ground state. The greater
part of the other y rays represent cascades through
known levels in Ap' to the ground state.

Author

Ca 53
Ca 53
Kl 53

Ru 52
Ru 52
Ru 52
Ru 52
Ru 52

Method

scint. spectr.
scint. spectr.
scint. spectr.

Al absorption
Al absorption
Al absorption
Al absorption
Al absorption

Zj in Mev

0,314
0.336
0.454

0 454
0.823
0.840
0,954
1.015

B& in Mev

4.2 &0.2
2.83~0.14 and 5.80&0.26
0.81&0.05; (2.28&0.10);
2.80&0.10; (4.10&0.15);

(4.58a0.15); 5.'/4a0. 15;
6.54&0.20; 7.86~0.20;
8.70&0.20.
4.9 and 6.2
/. 2
$.3
7.3
5.5
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YAaLz XXII. Levels in Al'7 from Al' t,'p, p')Al' .

Author:
B~ (Mev):
Angle:
Method:

Levels in AP~
(Mev)

Sh 51
2-4
164

magn. analysis

0.82
1.04

2.23
2.75

Ba 52
9.6

30 -120
range in Al

0.99&0.05
1.72+0.15
2.22+0.08

3.00&0.05
3.63~0.12
3.93&0.10

4.39&0.12

4.66+0.10

5.46&0.08

Re 52
8.0
90

magn, analysis

0.844
1.016

2.259
2.782

3.046
3.736
4.018
4.115
4.473
4.575
4.647
4.875
4.996
5.107
5.220
5.341

5.501
5.565
5.620
5.736

all +0.020

St 52
7.26

50' and 135'
scintill. spectrom.

0.84
1.01

a

2.23
2.77

3.03
3.71
4.00

4.60
4.87

5.43
all +0.04

Do 53
2.309
135'

electrostat. analysis

0.843
&0.002

Br 53g
6,5-8.4

900
magn. analysis

0.843
1.013

2.211
2.735
2.981
3.004
3.681
3.959
4.058
4.404
4.507
4.577
4.806

5.150
5.243
5.416
5.430
5.498
5.551
5.668
5.825

(5.959)
all +0.020

' The authors find no indication of a level at 1.8 Mev.

X. AP'(p p')AP'

Levels found from this reaction are represented in
Table XXII. The figures given by Browne (Br 53g)
must be regarded as preliminary. His levels are con-
sistently lower than those given by Reilly ef al. (Re 52)
by an amount slowly increasing up to 70 kev for the
highest levels. Xo proton groups were found by Browne
corresponding to Reilly's level at 4.996 and 5.107 Mev;
only a group originating from carbon contamination
(inelastic scattering to the C" level at 4.43 Mev) was

present in this region. See also Wi40, Di43, Fu 48,
Br 49, Rh49, Le50, Rh50, Ha 52c, Co 52.

Angular distributions of elastically scattered protons
have been measured at E~=4.5 Mev (Rh 50), 6.9 Mev
(Wi 41), 9.6 Mev (Ba 52), 15.5 and 18.3 Mev (Gu 52),
and 18.6 Mev (Bu 51). At all these energies the ratio
of diGerential cross section to Rutherford scattering has
a maximum at about 90'.

XII. Si'"(I3+)AP' See Si"

XIII. Si"(y p)A1" Q = —11.590

Not observed.

XIV. Si"(d n)A1" Q =5.996

Magnetic analysis of 0. particles observed at 90' at
E~=1.8 and 2.0 Mev from targets enriched in Si"
content yields a ground-state Q value of 5.994&0.011
Mev and levels in Al" at 0.837+0.016 and 1.007+0.013
Mev and possibly at 2.21%0.03 and 2.74&0.02 Mev.
The authors state that no group was found corre-
sponding to a level at 1.8 Mev (Va 52c). See also
Va 52a.

XV. Si"(p,n)AP' Q = —2.389

Not observed.

XI. AP'(d, d')AP'

Levels in AP' have been found from this reaction
with Eq=5—6.7 Mev at 0.85 and 2.13 Mev (Gr 49),
with E~=7.5 Mev at 0.99&0.05 and 2.17&0.05 Mev
(Ho 49), with Eq——10 Mev at 0.97, 2.39, 3.17, 4.74,
and 5.76 (all &0.2) Mev (Ke 51) and with Eq= 14 Mev
at 1.0, 2.3, and 2.9 Mev (Bo 50). The intensity of the
inelastic deuteron group leading to the 0.843-Mev level
is (at Eq= 2.1 Mev and 8= 90') smaller than 1 percent
of the elastic group (En 53a).

The diGerential cross section for elastic scattering at
Eq 14 Mev shows maxima at 0'——, 70', and 110' (Go 50).

j 27

(not illustrated)

Adopted mass defect: —4.416 Mev (Ki 53)

I. Si"(P+)AP' Q =4.829

The half-life is given as: 3.7 sec (Ku 39), 4.9~1 sec
(Cr 40), 4.92+0.1 sec (K141), 4.5&0.5 sec (Hu 44a),
5.4&0.4 sec (Bo 51), and 4.45&0.05 sec (Su 53).

The P+ spectrum end-point determinations are 3.74
Mev (Mc 40), 3.54+0.1 Mev (Ba 40) (both measured

by cloud chamber), and 3.48%0.10 Mev (Bo 51)
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(scintillation spectrometer). See also Cu 34. The log ft
value is 3.6 in accordance with. the super-allowed char-
acter of this transition between mirror nuclei.

II. Mg'4(n, m)Si" Q = —7.205

Radioactive Si" is produced at E =15 Mev (El 41).
See also Sa 35.

III. AP'(p, e)Si" Q = —5.611

The threshold for this reaction has been measured as
E~=5.93 Mev (Bl 51) and E„=5.819&0.010 Mev
(Ki 53). See also Ku 39, Mc 40, Ba 40, Gu 51. See Si'8

for resonances.

IV. Si"(y,m) Si" Q~= —17.201

The threshold has been determined as 16.8+0.4 Mev
(Mc 49) and 16.9&0.2 Mev (Su 53). See also Be 47a,
Bo 51.

A maximum in the cross section of 21 mb is observed
at 20.9 Mev with a half-width of 3.5 Mev and the in-
tegrated cross section to 24 Mev is 0.070 Mev b (Su 53).
See also Hu 44a, Wa 48.

V. Si"(e)2n)Si" Q = —17.201

Not observed.

28

(not illustrated)

Adopted mass defect: —6.818 Mev (Ma 53a, Sh 53a)

I Mg28(P —)AP' Q =1 785

Mg'8 has been produced through Mg '(n, 2p),
Si"(y,2p), Si"(p,3p), and other spallation reactions.

The half-life is given as 21.3&0.2 hr (Sh 53), 21.2+0.2
hr (Li 53, Li 53a), 20.8+0.5 hr (Ma 53a), 22.1&0.3 hr
(Jo 53), 21.85&0.32 hr (Iw 53), and 21.4+0.6 hr
(Wa 53).

The P spectrum is simple and the Kurie plot is
straight (Ma 53a). The end point is given as 0.40%0.06
Mev (Sh 53a), 0.3 Mev (Jo 53), 0.39&0.05 Mev
(Wa 53) (all by Al absorption), and 0.428&0.010 Mev
(Ma 53a, spectrometer). The allowed character of this
transition follows also from the ft value (log ft=4.2).

At least four diferent y rays have been found by
scintillation spectrometer. Their energies and relative
intensities (given between brackets) are ~0.03 Mev,
0.40&0.02 Mev (30&3 percent), 0.95&0.02 Mev
(28&3 percent), and 1.35&0.02 Mev (71&5 percent)
(Sh 53a). The intensity of the 1.78-Mev 7 ray resulting
from Al' in equilibrium with Mg' has been taken as
unity. A more accurate determination of energy and
intensity of the low-energy p ray is 32.2 kev (70&20
percent) (Wa 53). The three harder y rays have also
been determined by scintillation spectrometer as
0.391&0.005, 0.95, and 1.35 Mev (Iw 53). There may
be present more p rays to at least 2.6 Mev (Jo 53),

although this seems difBcult to reconcile with the data
given above.

The level scheme of AP up to 6.3 Mev is weIl known
from the AP7(d, p)AP' reaction (En 52c). The y rays
found in the Mg' decay 6t well into this level scheme
although the y-ray energies are not accurate enough to
decide whether the 0.95- and 1.35-Mev p rays go to the
0.03-Mev level or partly to the ground state. It seems
certain that the 0.391- and 0.95-Mev p-ray cascade
proceeds through the 0.973 and not through the 1.013-
Mev level.

]28

Mass defect: —8.603 Mev

I. AP'(P )Si" Q =4.650

The most accurate determinations of the half-life are
2.27&0.02 min (Ba 53) and 2.30&0.03 min (Ek 43).
Other determinations with O.I- to 0.2-min errors range
from 2.0 to 3.0 min (Cu 34, Cu 34c, Al 35, An 35,
Mc35, Fa35, E136, Na36a, Ec37, Me 37, Ri37,
He 39, Sz 48, Iw 53, Hu 44a).

The P spectrum is simple (Wa41) and has the
allowed shape (Mo 52, Du 47, Ma 53a). The log ft value
is 4.9. Each P particle is followed by one y ray (Du 47,
Bl 45, Bl 47). The ground-state P transition is weaker
than 2 percent (Mo 52). Determinations of the P spec-
trum end point and of the p-ray energy are collected in
Table XXIII. See also Cu34, Co 36, Na36a, Ec 37,
Me 37, Ha 51a.

See also the parent nuclide Mg".

II. Mg" (n p)AP' Q,.= —1.196

Proton groups corresponding to Q values of —1.05,
—I.82, and —2.87 Mev, reported from the bombard-
ment of natural magnesium by Ra(B+C) n's (Du 34,

TAsLE XXIII. Beta decay of Al".

Author

Al 35
It 41
Ek 43
Du 47
B147
Be 48
Mo 52
Ma 53a

Method

spectrom.
spectrom.
cl. chamber
abs.
abs.
spectrom.
spectrom.
spectrom.

P-, (Mev)

3.05 &0.15

2.98 &0.18
3.10 &0.10
2.75 &0.10
3.01
2.865&0.010
2.850&0.050

R (Mev)

1.82 ~0.02
2.05 &0.15
2.15
1.80 &0.10
1.80
1.782&0.010

II. Mg" (t,p)Mg" Q =6.498

Radioactive Mg" has been produced from this re-
action:

(a) by bombarding MgSO4 6D20 with deuterons (pro-
duction of tritons through the D(d, f)H reaction);

(b) by irradiating Li—Mg alloy with neutrons in a pile
(production of tritons through the Li'(e, t)He' re-
action) (Iw 53).
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JQ5 2$

1Qg 2A (n~)

For resonances reported in the AP' yield see Si".
See also A134, Ec35, E135a, E136, Sz44, Sz48

III. Mg's(P )APs See Mg's

ao
o bi

Q a
b

&any unr esotved
(n n) any (nq)
resona nce levels

l~ l~ l~ IP

A so 0
CV

6 31 s ci in

6.19

5.496
At ~d-p

543

~5.85
5.79~5.75
5.73

+~5.17
5.1 8

. ~5.16

J.(O,l)'

1.78
2.865

Ja 2+

0.031 i( Ii i J =(2')

J~{3+)

AL

~ 464- — '
473-
4.69~ 4.51

4.24393~4 03 4.1 1

3.90—
387~ 3.66 3'69

3.53 359
3'34 346

3.29
3.01
2.98
2.58 2.65
2.27

2.20
1.785

ss I 1.62
Mg 0418 1 37

J 0
1.01
0.97

0.040 (n, n)(n, )
~pO.OOQ fn, )

27
Af +n ~7.722

1.B

.107
80

4 d-oc

IV. AP" (n,y)APs Q.,„=7.722

The t ermthermal neutron capture cross section has been
measured as 0.212&0.005 b (Co 50) in good agreement
with other determinations (Se 47 Ha 50, P
also Ra 40, On41, Si41a, Ra42, Vo43, Co46a.

The capture cross section at E„=1 Mev (fission
neutrons) is 0.37 mb (Hu 53a). See also Hu 49.

Resonances in the Al" yield have b f dave een ound y a
ev wit an eGec-oron absorption method at E =60

tive evel width of 12 ev (Co 48a) and at E„=9.1 kev
(Li47). See also Gr43.

With Li n n'(p, l neutrons a strong resonance in the Al

y more part y un-
resolved resonances between 100 and 550 kev (He 50 .
Severa of those capture resonances notabl h

found in the
, and 0 kev coincide with resonan

the total cross section. See also Si 41 Al 48d
nances

Be 49a.
7

Twenty-nine p rays resulting from the capture of
thermal neutrons in aluminum have been found by pair
spectrometer (Ki51, Ki53d). They are collected in

state transition. The great intensity of this line is a
notable exception to the rule that only E1 ground-state
transitions are intense (Ki 52b). It '

t e other lines uniquely into the complicated Al" level
scheme. Lines C F
lines could be

, J, I., and all lower energy
transitions from the capturing state to

known APS levels. Lines 8, 8' D 8 P 0' a, E,
cannot be explained in this way, but have to be transi-
tions from level to ground or from level to level.

From 14 Mev neu trons on aluminum a continuous
~ ~

spectrum of p rays up to E~= IO Mev is found by scintil-
ation spectrometer with weak maxima at E,= 1.7, 4.5,

and 5.4 Mev (Sc 53b). These y rays may result from

—1.196
25

Mg +g-p
TAax.E XXXX™.Gamma rays from thermal neutron capture

in aluminum (Ki 51, Ki 53d).

4.650 w0'
Si

-1.957
31

P +n-ac 3.868
.2B

Si +n-p
-12.341

P9
Sl +f'~P

Pro. 14.

Li 37~ m), may also be assigned to the M '4(a )AP'
action.

g a,p) re-

The same difEculty exists for the assignment of
y rays of I.8%0.2 and 4.3&0.3 Mev re orted fr h

om ardment of natural magnesium b 7-M

( 148a). They might result from (a,p) but also from
(a,n) reactions.

y ray

A
B
Bl
C
D
E
p
PI
G
Ql

HI
Il
J
E

Energy {Mev)

7.724a0.006
7.34 &0.04
6.98 ~0.04
6.77 +0.02
6.61 ~0.03
6.50 &0.03
6.33 &0.02
6.22 +0.03
6.23 +0.02
6.01 ~0.05
5.89 &0.04
5.78 ~0.03
5.60 &0.02
5.41 ~0.03
5.32 ~0.03

Intensity
in photons

per 100
captures y ray

35 L
0.7 3E
0.7 E
1.4 1P
0.4 lP'
0.4 0
2 I'
0.7 I"
2 Q
0.7 R
1.0 5
14 T
3 U
3 V
1.0

Energy
(Mev)

5.21+0.02
4.94+0.05
4.79+0.02
4.66+0.05
4.45+0.02
4.29+0.02
4.16+0.02
4.06+0.04
3.88&0.02
3.62&0.02
3.46&0.02
3.29&0.02
3.02+0.05
2.84~0.03

Intensity in
photons per

100 captures

3
1.4
9
7
3
8
6
3
8
6

5
15
13
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inelastic scattering, capture or other neutron-induced
reactions.

See also F136, Ha50b, Ha 51a, Ya52.

V. APr(N, n)APr Eq= 7.722

Measurements of the aluminum total cross section
have been surveyed by Adair (Ad 50).

The cross section is 1.38&0.01 b from E„=2 to 5000
ev (Me 52). Some ten partly unresolved resonances
were found with Li(p, n) neutrons in the E„=10—800
kev region and resonances at E„=2.4 and 2.9 Mev with
D(d, e) neutrons (Ad 50).

Recent measurements of the transmission of D(d,e)
neutrons through aluminum at 30—50 kev resolution
indicate resonances at E„=1.90, 1.95, 2.015, 2.095, 2.17,
2.23, 2.29, 2.34, 2.40, 2.51, 2.57, 2.65, 2.80, 2.90, 3.00,
3.12, 3.37, and 3.57 Mev (Me 53). Measurements of the
total cross section up to E„=6 Mev have been per-
formed with N"(d,e) neutrons (St 51d), and with pile
neutrons of E„=3—12 Mev (Ne 53). At E„=14Mev
the cross section is 1.73+0.03 b (Co 52a) or 1.86&0.07 b
(Ag 53), while 1.84+0.06 b is found at E„=19Mev
(Da 53b).

The angular distribution of elastically scattered neu-
trons has been measured at E„=3.7 Mev. The total
cross section at E„=3.7 is 2.55 b (Wh 53).

VI. AP'(d p)AP' Q~=5.496

Fifty proton groups from this reaction have been
found by high-resolution magnetic analysis (8= 90') at
deuteron energies up to 2.1 Mev (En 52c, En 53a).
The Q values and corresponding AP' levels are collected
in Table XXV. Proton groups have been designated by
a capital with an index. The index 1 corresponds to
the most intense component of a close doublet or triplet,
the index 2 to the next most intense and so on. The
6rst excited state is at 31.2+0.5 kev (En 51, En 53a).
The errors associated with the excitation energies of the
other levels increase gradually from 4 kev for the levels
B~ and B~ to 8 kev for the highest levels. The error in
the ground-state Q value is 8 kev. For smaller Q values
the error decreases to about 3 to 4 kev for Q&2.5 Mev.
See also St 51.

Older work at much lower resolution has not yielded
more AP' levels below 6.3 Mev than those given in
Table XXV (La 34, La35a, Mc 35, Sc 40, AI46, A148,
Ne49a, Ne 50b, Po49, Kh50, Ke51). Above 6.4 Mev
levels are reported at 6.9&0.2, 7.4+0.2, and 8.5&0.2
Mev (Ke 51), but it is probable that many more levels
exist in this region.

The existence of the erst excited state at 31 kev has
been condrmed by observation of. a 31.4&1.0 kev

p ray following the AP"(d, p)APs reaction at 8&——0.7
Mev both by proportional counter and by scintillation
spectrometer. No internal conversion. electrons from
this y ray were observed: nx(2 (Sm 51a). See also
Al 49b.

TAszz XXV. Ais7(d, p)Aiss Q values and energy levels
in AP' (En 52c, En 53a).

Group

Ai
A2
82
BI
C
D

P2
F3
PI
61
62
HI
JI2
I2
I3
II
J2

E'I
E)
E3
I.I

Q value
(Mev)

5.494
5.463
4.521
4.481
4.128
3.873
3.359
3.298
3.228
3.012
2.917
2.843
2.513
2.487
2.202
2.152
2.034
1.961
1.907
1.828
1.796
1.621
1.595
1.563
1.464

Excitation
energy
(Mev)

0.031
0.973
1.013
1.366
1.621
2.135
2.196
2.266
2.482
2.577
2.'651
2.981
3.007
3.292
3.342
3.460
3.533
3.587
3.666
3.698
3.873
3.899
3.931
4.030

Group

I.2
MI
M2

OI
02

I'3
+2
QI
Q2
R]
R2
R3
R4
S2
SI
T2
T4
Tl
T3
V
V

Q value
(Mev)

1.383
1.256
1.186
1.036
0.982
0.808
0.758
0.735
0.656
0.596
0.506
0.486
0.366
0.337
0.324
0.312
0.124
0.060—0.241

-0.261—0.298—0.361—0.519—0.696—0.813

Excitatio n
energy
(Mev)

4.111
4.238
4.308
4.458
4.512
4.686
4.736
4.759
4.838
4.898
4.988
5.008
5.128
5.157
5.170
5.182
5.370
5.434
5.735
5.755
5.792
5.855
6.013
6.190
6.307

Proton angular distributions have been determined
at several deuteron energies and at relatively low-
energy resolution (Ne 49b, Ho 50, Go 51, Ho 53b), but
no definite spin and parity assignments can be made in
view of the great complexity of the AP' levels. The
ground-state doublet contains at least one l„=0 com-
ponent and the angular distribution of the proton
group to the doublet around E,= 1.0 Mev is represented
by a mixture of t„=0 and l„=2 (Ho 53b). The t„=0
assignment to the ground-state doublet has been con-
firmed (Bl 53).

The.excitation curve for the production of the A12'

activity has been measured from 1 to 6 Mev (Ri 47).

VII. Si"(n,p)APs Q = —3.868

Radioactive A12' is produced by fast neutrons on
silicon (Bj 34, Me 34a, Cu 34c, Am 35, Na 36a, Bl 47).
The cross section is 45+5 mb for Be(d,n) neutrons
(Eq=15 Mev) (Co 51) and 220+50 mb for 14.5 Mev
neutrons (Pa 53).

VIII. Sl (p,p)AP' Q„=—12.341

Radioactive AP' is found from this reaction (Ba 46,
Hi 47).

IX. Si"(d n)AP' Q =3.107

A ground-state Q value of 3.120&0.010 Mev has
been measured for this reaction with enriched targets
and magnetic analysis at E&=1.8 Mev (St 51). An
O.-particle group leading to the 31 kev level in A12'

has also been observed at several deuteron energies up
to E~=2.0 Mev, but with insufhcient resolution to de-
termine the corresponding excitation energy (En 53a).
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X. P"(I n)AP' Q~=.—1.95/

Radioactive Al' is produced by fast neutrons on
phosphorus (Bj34, Cu 34c, Am 35). The cross section
at E„=14.5 Mev is 146&30 mb (Pa 53).

GENERAL REMARKS

The AP' ground-state doublet could well consist of
the J'= 2+ and 3+ states corresponding to the (d; proton,
s; neutron) coniguration predicted by the shell model.
The differential cross sections of the APr(d, P)AP'
reaction would thus be identical (l„=0) for the two
components leading to the ground-state doublet, apart
from a factor (2Jf+1). The experimental yield ratio
(intensity of excited-state protons over that of ground-
state protons) at r)=90' and E4=2.0 and 2.1 Mev is
0.70 (maybe somewhat lower at lower deuteron ener-
gies and 0.55 at Eq=5.16 Mev (Bu 53b)). This agrees
well with the predicted ratio of 0.71 for a ground-state
spin J'= 3+ and an excited-state spin J= 2+ (En 53a).

From the Mg" (P )AP' data the spin of the 1.366 Mev
level in Al" can be restricted to J=O+ or 1+, and the
spin of the 0.973 Mev level to 7= 1 or 2.

For a theoretical di.scussion regarding doublet levels
in AP' see In 53.

.28
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Mass defect: —13.253 Mev

ga73 '

.29Sl ag-n

Pro. iS.
I. Mg'4(n, p)AP' Er, =9.996 Q„=—1.594

In experiments with thin separated Mg"F2 targets
and magnetic analysis of the protons resonances are
observed at E =2.755, 2.931, 2.955, 3.002, 3.13/, 3.203,
3.280 Mev (center-of-mass system). The same levels
have been found in the inverse reaction AP'(p, n)Mg'4,
when a Q value of 1.613+0.010 Mev is taken. Also the
intensities of the corresponding peaks are in good agree-
ment, as suggested by the principle of detailed bal-
ancing. A weak resonance has been found at E„=2.84
Mev without corresponding resonance in the (p,n) re-
action (Ka 52). See also Du 34, El 36. See APr for

Q values.

II. Mg'4(n, n)Mg" Eg= 9.996

In the same investigation as quoted for the
Mg'4(n, P)APr reaction (Ka 52) resonances in the yield
of elastically scattered n particles are observed, again
in good agreement with many resonances in the
AP (p n)Mg'4 and APr(p, p)APr reactions. Partial-wave
analysis yields the following spins and parities for the
compound nucleus: J=0+ for the resonances at
E =2.83 and 3.00 Mev and J=2+ for the resonances
at E =2.93 Mev. The 5-wave o.-scattering resonance
at X~=3.07 Mev corresponds to a S-wave proton scat-
tering resonance at E„=1.45 Mev. No single J value
of the compound nucleus can explain this behavior.
No (n,p) nor (p,n) transitions are observed at E =3.07.

Mev. The anomaly near E =3.25 Mev, is probably
caused by two overlapping levels in Si's (Ka 52).

III. Mg" (n, rr) Si"Q~= 2.672

Gamma rays observed from the bombardment of
magnesium with Po n particles belong possibly to this
reaction (Sz 48). See also Ha 49a.

IU. AP'(p, 3)Si" Q„=11.590

Numerous resonances have been observed in this
reaction by diGerent authors, and these are summarized
in Table XXVI. The six lowest resonances are most ac-
curately measured by Hunt and Jones (Hu 53) in good
agreement with earlier measurements, notably those of
Tangen (Ta46), who also measured the relative in-
tensities of these resonances.

Brostrom e/, al. (Br 47a) measured 29 resonances be-
tween 600 and 1380 kev with a precision of 0.2 percent,
all with a width of ~&1 kev; their relative intensities
are given in Table XXVI. Fourteen of the resonances
in this region are in good agreement with those found
by Plain e/, al. (Pl 40). Moreover the latter authors
found 17 resonances in the region 1.4 to 2.6 Mev. The
yields of the (p,n) and (p,y) resonances between 500
and 750 kev have also been measured by Rutherglen
and Smith (Ru 53a). The region above 1.4 Mev has
also been very thoroughly investigated by Shoemaker
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By in kev

226.3+1.5
294.1+0.5
325.6+0.4
404.7&0.4
438.5w0.5
504.0+0.6
609
630
652
677
728
733
738
757
764
771
880
918
932
986
994

1018
1083
1091
1112
1165
1176
1192
1205
1255
1268
1309
1320
1355
1372
1379

Second-
Relative ary
intensity particle

0.005
0.015
0.080
0.30
0.050
2.0
04
8.2
3.3
1.3
3.0
4.2
0.7
3.8
4.5

11.5
0.5
4.1
3.9

47.0
2.0
7.2
1.5
0.8

13.5
2.4
6.5

p

11.0
13.0
1.0

14.0
10.5
15.0

105.0
105.0

By Secondary
kev particle By

1393 y p 2820
1445 n 2849
1461 p 2869
1508 p 2880
i523 y p 2999
1583 p n 3020
1593 y 3045
1670 y p 3070
1688 y 3080
1708 p 3106
1729 y p n 3185
1753 y p 3265
1806 y p 3400
1910 7 n 3467
1973 y p 3531
2039 y p n 3552
2051 y p 3566
2112 y p 3599
2132 y p n 3623
2161 y p n 3662
2175 y n 3705
2184 y 3820
2206 y n 3850
2288 p 3979
2316 y n 4055
2333 p 4100
2365 p 4112
2377 "/ n
2405
2445 y n
2480 p n
2491 p
2536
2559 P
2578 n
2607 n

Secondary
particle

TABLE XXVI. Energies and relative intensities of resonances
in Al+p. For authors see text.

Mev levels, the latter being de-excited again by a
cascade through the 1.80 Mev level (Ca 53).

The angular distribution of y rays has been measured
at the 404-, 503-, 630-, 652-, and 677-kev resonances.
The ground-state p ray is only observed at the 503-kev
resonance, while at the other resonances transitions
proceed predominantly to the 1.78-Mev level in Si".
The following spins and parities can be assigned to the
resonance levels mentioned above: 4, 2+, 3, 2, and
3+. The first excited state in Si" has J'=2+ (Gr 53).
The 1370, 1385, 1393, and 1523 kev (on the Shoemaker
scale) resonances are all de-excited by a transition to
the first excited state in Si" (Go 53d).

V. AP'(p, n) Si" Eq 11.590——Q = —5.611

Resonances are observed at E„=6.17 and 6.37 Mev
by measuring the Si'r activity produced (B151). See
also Mc 40, Gu 51. See Si" for threshold measurements.

VI. AP'(p p)AP'
AP'(p, p') AP'

The cross section both for elastic and inelastic scat-
tering shows many resonances which are quoted in
Table XXVI (Sh 51). See also AP'.

VII. APr(p, n)Mg'4 Eb 11.590 Q
——= 1.594

The resonances in this reaction found by Shoemaker
ef al (Sh 51) a.re listed in Table XXVI. Alpha particles
were also observed at the 503- and 630-kev resonances
(Gr 53). See also Mg'4

ef al. (Sh 51) both for (p,y), (p,p), and (p,n) resonances.
They observed 64 resonances of which 42 are (p,y)
resonances. Only the values of Sh 51 (as reported by
A150) for the region above 1.4 Mev are listed in
Table XXVI. A comparison of the relative intensities
(Go 53d), however, makes it probable that the reso-
nances at 1355, 1372, and 1379 kev from Br 47a corre-
spond to the resonances at 1370, 1385, and 1393 kev
given by Sh 51, Al 50. It is not possible to decide at
present which of the energy scales is the better one. See
also He 37, Ge 37, and Ho 41.

An absolute determination of the value of the
prominent 985-kev resonance with the Wisconsin
electrostatic analyzer yields 993.3+1 kev (He 49).

The shape of the 985 kev resonance has been studied
in detail and is in qualitative agreement with the Breit-
Wigner theory. When S scattering is assumed, the width
is I'=100 ev (Be 49).

Gamma ray energies, measured at several resonances,
are summarized in Table XXVII. The three y rays ob-
served in the thick target bombardment at E„=750
kev correspond to transitions to the ground state and
the Si" first and second excited states (Ru 51). The
gamma rays found at E„=325 and 404 kev may be
accounted for by cascades through the 4.91 and 4.47

TABLE XXVII. Energies of r rays from AP (P,7)Si's.

Author Method By kev B& Mev
Relative
intensity

Ta 46 absorption
Ta 46 absorption
Ta 46 absorption

Pl 40 absorption
Pl 40 absorption
Pl 40 absorption
Pl 40 absorption

325
404
503

550
700
985

1368

5.4
5.4
9.2

6.1
6.5
7.7
8.2

Ru 51 pair-spectrometer 750 12.12&0.1
(thick target) 10.46&0.07

7.62&0.1

Ca 53 scintillation
spectrometer

325
404

7.46~0.15 (12—16)7.12+0.15
5.04%0.10
4.65&0.10
2.82&0.07

(5)
12
121.81&0.04

VIII. Al' (d,e)Si" Q =9.364

A study of this reaction with nuclear emulsion tech-
nique at Ed =3.68 Mev reveals 10 neutron groups corre-
sponding to levels in Si" at 1.78~0.13, 4.47&0.10,
(4.91&0.21), 6.11&0.10, 6.65&0.14, (7.10&0.12),
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(7.55&0.12), 8.18&0.10, and 9.16&0.17 Mev. The
ground-state Q value is 9.08&0.20 Mev (Pe 49).

Gamma rays of X~=1.72&0.08 and E~=3.0+0.2
Mev are observed with a beta spectrometer connected
to the cyclotron and of E~= 8.5+0.5 with a coincidence
absorber technique. They are probably due to this
reaction, but might be assigned also to AP'(d, p)AP'
or AP'(d n) 1VIg" (Al 49b).

The neutron angular distribution has been measured
by making use of threshold detectors at deuteron ener-
gies of 7.2, 8, 15, and 20 Mev (Ro 47, Hu 51, Fa 51,
Sc 51).

IX. AI" (P )Si" See AP'

X. Si"(p,p')Si"
At 15.3 Mev inelastically scattered protons have been

observed corresponding to a level at 4.6~0.3 Mev in
Si". Proton energy was measured by deflection in the
magnetic field of the cyclotron (Fu 48).

XI. Si"(y,n)Si" Q = —8.473

The threshold is 8.45+0.20 Mev (Sh 51a).

XII. P"(p+)Si" See p"

XIII. P"(p,n)Si" Q =1.911

The ground-state Q value has been measured at
proton energies from 0.65 to 1.07 Mev as 1.85+0.02
Mev (Fr 51) and at E~= 1.8 Mev as 1.909&0.010 Mev
(Va 52a) by magnetic analysis of the n particles. For
resonances see S".

TABLE XXVIII. Gamma rays in the decay of P".

Author

E~ in Mev

Ri 53, 61 53b

1.79&0.02
2.6 +0.2

4.44&0.05
(4.93+0.08)

Br 53c

1.78&0.04
2.67~0.08

(3.01&0.07)
(4.26+0.12)
4.63a0.10
4.89+0.09

(5.16+0.12)
(S.46+0.10)

(not illustrated)

Adopted mass defect: 0.9 Mev (Gl 53, Br 53c)

P~a(P+)SP8 Q = 14.2

The half-life measurements are 0.280&0.010 sec
(G153) and 0.29&0.01 sec (Br 53c). The maximum
positron energy is 10.6&0.4 Mev, indicating P+ transi-

tions to the 1.78 Mev level in Si'. Gamma rays ob-
served by scintillation spectrometer are summarized in
Table XXVIII. All the lines found by Richardson
et al (R.i 53) can be explained as transitions from known
levels in Si" to the ground state but for the 2.66-Mev
p ray which is the transition from the second to the
first level in Si".Xo delayed 0, 's have been observed i.e.,
either E &1 Mev or the 0, intensity is smaller than 10
percent of the y intensity (Gl 53, Gl 53a, Gl 53b).

II. Si"(p n)P" Q„=—14 9

The threshold is measured by comparison to the
Mg" (p n) AP4 threshold measured by Miss Birge (Bi 52)
as E„=15.6&0.5 Mev (Gl 53) and 15.4&0.5 Mev
(Br 53c).

Author Method Bp, (Mev) F» (Mev) Ep, (Mev) P» (Mev)

Me 37
Be 39
Se 49
Ro 53

Al abs.
cl. chamber
Al abs.
scint. spectr.

2.75
2.5
2.5 (70%) 1.25 +0.2 1.4 (30%) 2.35 ~0.5

& 28 (85%) 2 43 (&5%)

Both P transitions are evidently allowed as follows
from the log ft values 5.2 and 4.5 (for transitions to the
1.28, vis. , 243-Mev level in Si").

See Si" "General Remarks" for conclusions about
spins and parities.

II. Mg"(n, p)AP' Q = —2.9

Radioactive A1" has been found from this reaction
(Fa 35, K136, Me 37, Be 39, Se 49). For resonances
see Si".

]29

(not illustrated)
f

Adopted mass defect: —9.6 Mev (Se 49)

I. AP'(P )Si" Q =3.8
Determinations of the half-life are 6.6+0.3 min

(Me 37), 6.4+0.1 min (He 39), and 6.56+0.06 min
(Se 49). See also Fa 35, Kc 35, Kc 37.

The P decay is complex and proceeds to the first and
third excited states in Si" (at E =1.28 and 2.43 Mev),
which are de-excited directly to the Si" ground state.
No y ray of 2.03 Mev corresponding to ground-state
de-excitation of the second Si" level has been observed
(intensity (4 percent) (Ro 53). Determinations of P
end points, p-ray energies, and relative intensities are
collected in Table XXIX. See also Ec 37.

TABLE XXIX.Beta decay of AP.

6.14&0.10
6.70&0.12
7.04+0.08
7.59&0.15

6.65~0.11
7.10+0.12

(7.44+0.14)
(7.73a0.14)
(8.12&0.21)

III. AP'(1, P)AP' Q„=8.6
Radioactive A1" has been produced by bombarding

aluminum with 6.5-Mev tritons (Po 52b), and also by
bombarding LiAID4 with deuterons (production of
tritons through the D(d, t)H reaction) (Iw 53).
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IV. Si"(n,p)APs Q„=—3.0
for this reaction is 36~5 mb for

Be(d,e) neutrons (Eq=15 Mev) ( nMev) (Co 51) an
mb for 14.5 Mev neutrons (Pa 53). See also Po 37a.

V. Si"(y,p)APs Q = —13.6

A E =17 Mev the cross section
'
is 1.5+0.3 mb

(Hi 47, Wa 48). See also Ba 46, Pee 48.

~29

Mass defect: —13.362 Mev

I Mgss(a, p)APs E, 11 145 Q = —1.196

ield of Ap activity have beenResonances in the yie o
=5.4 6.2, and 6.9 Mev ~, afound at E =

Ch37, Me37). See also Du3, a
See Al" for Q value measurements.

y ray

A'
8
C
D
E.
gl
p
G
H
Il
IJ
E
E'

iV
E

Energy in Mev

10.599&0.011
8.467&0.008
7.79 +0.05
7.36 &0.08
7.18 %0.03
6.88 +0.03
6.76 ~0.04
6.40 +0.03
6.11 &0.05
5.70 &0.04
5.52 %0.05
5.11 &0.04
4.933+0.005
4.60 &0.08
4.20 &0.03
3.540&0.006
2.69 +0.05

Intensity in photons
per 100 captures

0.4

1
2
9
0.7

19
4
2
2

112

19
94
65

TABLE XXX. Gamma rays from thermal neutron capture
in natural siiicon (Ki 51, Ki 53d).

i53d .en determined by pair spectrometer (Ki 51, K'

i
' ' ~K' 53,. Line A' certainly results from

re in Si" and represents the transition to t e icapture in i an
groun state, Lines 8,

ond to ca ture in i . inescorrespon
'

i n and transitions to thewith the ground-state transition an
28 and 4.93 Mev in Si" and lines E, , an

round state of levels at6 with the de-excitation to the groun s a
4.93, 6.10, an d 6.38 Mev. None of the other p rays can

e identified with any certainty.

mal neutrons in natural si icon ave
ter, Br 53b . The first repre-b scintillation spectrometer r

sents the transition from t phe ca turing state to t e
ev level which level is de-excited by line to t e

Th three lines as well as the predominantese
i53e .cascade are all E1 transitions (Ki e .

II. Mg" (n,e)Siss Q~=0.040

result from the Mg's(n, ss)Si" reaction ~ a . e
Ha 49a.

ll.l45
Q9 ~txEn

e
Several (n.n)
r esonance levels

1.8

0.570
(n.n)

O 195
8473 &8

Sl +n
~ ~~ ti-

tn In
tn

8.158
P +d-g,31

(1 3)6.38' 6.10
5.95
493 g 9P
4.84
4.08
3.62

4.9 ~ 1.+

p29

(33)
(3 5)

(5 .8)

2m c

039')
1.5%)
97%)

3+J=-2

McP+oc-n

Iso. 16.

III. APs(P )Si" See AP'

V. Si"(ee)Si" Es=8.473g 2.43
2.03 (

on the silicon total cross sectionon e n as a functionData on e
iewed b Adair (Ad 50).

$ 1.;?8 45

e
' '

nt 2.1 b) below E„=200
f utron energy have been reviewe y a'

The cross section is constantAI

ev. ve been found with Li p, is

0.040 + ~r

ev. Sharp resonances ave b
1ns at 195 kev (J=-') and at 570 kev (J)~

(Fi 51). Several sharp and severa roa re

ro ts of the silicon total crossFrom recent measurements o
'

n with D(d,n) neutrons at 30—50 kev resolution

IV. Siss (ss,y) SPs Q =8 473
~ 2.j.8, 2.23, 2.30, 2.38, 2.50,thermal neutron cap uture cross section for iso-

m ( o5 ). For natu a shco 3. , an

60&10 mb (Co 50), 160&8 mb (

0.06 b is found at1.83+0.04 b (Co 52 ), hH~ 1.94+g iid
capture of thermal neutrons in natuatural silicon ave
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TABLE XXXI. Si"(d,P)Si" Q values and levels in Si~. VII. P"(P+)Si" See P"

Author

Group

(o)
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(S)
(9)

(10)
(11)
(12)

Si» level in Mev

6.246&0.010
4.968+0.008
4.219&0,006
3.820&0.006
3.176+0,006
2.623&0.005
2.168+0.005
1.406+0.004
1.349+0.004
1.312&0.004
0.300&0.004
0.141&0,004—0.134&0.004

0
1.278&0.007
2.027&0.007
2.426+0.007
3.070&0,007
3.623a0.007
4.078+0.008
4.840a0.008
4.897&0.008
4.934&0.008
5.946&0.009
6.105&0.009
6.380&0.009

Va 52c
Si»(d, p)Si» 0 value

in Mev

Mo 50
Si» level ln

Mev

0
1.29+0.04
2.06+0.04
2.43+0.04
3.08+0.05
3.60+0.05
4.09+0.06
4.87~0.10

VIII. P"(d,n) Si" Q„=8.158

Eight n-particle groups (see Table XXXII) have
been found by high-resolution magnetic analysis
(8=0') at Ed 1.8 M—ev (En51a). The ground-state
Q value given as 8.170&0.020 Mev has later been re-
measured as 8.158&0.011 Mev (Va 52a). The excita-
tion energies of Si" levels given in Table XXXII have
been corrected by this 12 kev.

In the bombardment of phosphorus with 3.7-Mev
deuterons a p ray of 6.2&0.3 Mev is observed by an
absorption method, which might also belong to the
(d,e) or (d,p) reaction (Al 49b).

TABLE XXXH. P '(d&n)Sis reaction (En 51a, Va 52a).

Group 0 value (Mev)

8.158+0.011
6.885&0.020
6.126+0.020
5.727&0.020
5.086&0.020
4.539+0.020
4.080a0.020
3.221+0.020

S129 level (Mev)

0
1.274&0.010
2.032&0.014
2.431&0.015
3.072&0.016
3.619+0.017
4.078+0.018
4.937&0.020

VI. Siss(d~p)Sps Q 6 247

Twelve proton groups (see Table XXXI) have been
found from this reaction by high-resolution magnetic
analysis (ted=90') a,t deuteron energies up to 2.1 Mev
(En 51a, Va 52c). Natural silicon targets were used but
proton groups due to Si" or Si" could be eliminated by
comparison with results obtained from targets enriched
in these isotopes. Table XXXI also contains Si" levels
obtained by Al absorption at Ez 3.7 Mev (M——o 50).
There is excellent agreement while also the levels given
in Table XXXI agree very well with those found from
the P"(d,n)Si" reaction (see Table XXXII). See also
Po 41, Al 48, Ne 49a, Ne 50b, St 51.

At Ed =3.7 Mev a p ray of 6.2~0.3 Mev is found by
an absorption method (Al 49b).

Angular distributions of the most prominent proton
groups have been measured at Ed=8.2 Mev. By
Butler analysis the orbital angular momentum /„of
the captured neutron has been determined. The ground-
state transition corresponds to l„=0 which fixes the
Si" ground-state spin and parity as J=-',+. The levels
at 4.93 and 6.38 Mev are reached by /„=1 (J=i
or -', ), the levels at 1.28, 2.03, and 3.07 Mev by 1 = 2
(J=$+ or 5/2+), the level at 3.62 Mev by /„=3
(J=5/2 or 7/2 ) while the transition to the level at
2.43 Mev has an isotropic angular distribution. Shell
model assignments are discussed on the basis of /„
values and measured neutron capture probabilities
(Ho 53a, Ho 53d). The l„assignments to the ground
state and 6rst excited state transitions are confirmed at
Eg 14.3 Mev (Bl 53). ——

IX. P"(y,rcP)Si" Q = —17.901

The yield curve of this reaction has been obtained by
subtracting the (p,m) yield, measured by the P" ac-
tivity, from the photoneutron yield, measured with
BF3 chambers in paragon. The integrated cross section
is 47 Mev mb (Ha 52a) and 34 Mev mb (Mo 53a).

X. S"(e,n) Si" Q„=1.529

A ground-state Q value of 1.16&0.15 Mev has been
measured at E„=3.0 Mev by pulse-height analysis in
an SOs gas-filled ionization chamber (St 48). The cross
section at E„=2.8 Mev. is 65 mb (Hu 41a). See also
Wi 37.

For resonances see S".

GENERAL REMARKS

Spins and parities of the AP' ground-state (J'= 5/2+),
of the P" ground-state (J=—,'+) and of the 1.28 and
2.43 Mev levels in Si" (both J=-,'+) are uniquely de-
termined through consideration of the ft values ob-
served in the P decay of APs and P".

For a theoretical discussion regarding triple levels in
Si" see In 53.

29

(not illustrated)

Adopted mass defect: —8.395 Mev (Ro 53a)

I. P"(P+)Si" Q =4.967

The half-life is determined as 4.6&0.2 sec (Wh 41)
and 4.45&0.05 sec (Ro 53).

The P+ decay goes predominantly to the Si" ground
state. The P+ end point is determined by means of a
cloud chamber as 3.63&0.07 Mev (Wh41), with a
scintillation counter as 3.9&0.2 Mev (Na 53) and with
a magnetic spectrometer as 3.945&0.010 Mev (Ro 53a).
Gamma rays of 1.28 and 2.43 Mev in coincidence with
positrons have been observed indicating weak P+ transi-
tions to the 1.28 Mev (1.5 percent) and 2.43 Mev
(0.3 percent) levels in Si". The ground-state p+ transi-
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tion is super-allowed (log &1=3.7' an

ere found (Ro 53,
eneral Remarks" f

about spins andn panties.
or conclusions

II. Si"(py)P" Q =2.724

Not: observed (see Ta 46).

III. Si"(d,e)P" Q =0.498

A ground-state Q value of 0.29+0.04

at Ed=1.4 Me
om ar ment of enric"'

hed silicon targets
ev an detection of neutr

)

"" y
a ~. rom the bombardmen

silicon target at E =3.7 M e
nuclear emulsions a

ev and neutron dete ection by
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e group yields a Q value of 0.71+0.13

10.611
S.29

3.495

22
11.0

10.0

5.62
5.5G
5.07

3.79
3.51.

10.651
Mg +o|'.

2.i

8.385
Sl +d-P29

4.3
p30

-2m c0

IV. Si"(p,e)P" Q = —5 749

Radioactive P" has been fas een found from this reaction

2.389
27

Ag +~-p
2.24

V. S"(p,n)P" Q„=—4.220

Not observed.

&3O

Mass defect: —15.609 Mev

S'
—7.290

31
p +)-p
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Fxe. 17.
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0 value (Va 52c)
in Mev

8.388~0.013
6.149&0.015
4.873+0.009
4.602&0.015

Si30 level (Va 52c)
in Mev

0
2.239&0.020
3.515&0.016
3.786+0.020

(5.075+0.015)
(5.497&0.015)
(5.622&0.015)

Si» level (Mo 50)
in Mev

0
(2.4 +0.2)

3.91&0.15
5.00+0.15

5.7 +0.2

Twazz XXXHI. Si29(d,P)Siao reaction. of —2.93emulsion technique a ground-state Q va ue o
~0.17 Mev has been reported and a level in " a
1.02+0.12 Mev (Pe 48a). See also Cu 33, Cu 34,
Cu34b, Fr34, Me34, Sa34, Sa35, Me37, Ri37.

See P" for resonances.

III. Si"(He',p)P" Q =6.3
Radioactive P" has been found from this reaction

(AI 39, Po 52b, Po 53).

(&=90') at deuteron energies up to 2.1 Mev (1 Mev (Va 52c .
Q values and corresponding Si" levels are given in
Table XXXIII together with Si" levels obtained by Al

absorption ata
' E =3.7 Mev from enriched targets

(Mo 50). See also Po 41, Ua 52a.

P"(P+)Si" See P"
VI. P"(y,p)Si" Q = —7.290

Not observed.

VII. S"(n,o.)Si3e Q =3.495

Not observed.

Adopted mass defect: —11.3 Mev

(The mass defect has been computed from reactions
I II V, VII, and IX and the weighted average has been) )

taken. )

IV. Sias(p, y)Pao Q 5 5

Sharp resonances in the y ray and P" activity yield

p-ray energy is measured by Al absorption as 5.2+0.
Mev (Ta 46). See also Ho 41.

V. Si"(de)P30 Q =33
By nuclear emulsion technique a ground-state Q

value of 3.27&0.04 Mev and levels at 0.75~0.06,
1.46&0.06, and 2.00+0.06 Mev have been determined
b bombarding enriched silicon targets at Ed = 1.4 Mev
Ma 52), and a ground-state Q value of 3.38% .
y om

0.17 Mev
and a level at I.27~0,48 Mev by bombarding natural
silicon targets at Ed 3.7 Mev ——(Pe 48a).

VI. Si'o(P, n)P3o Q„=—5.1
Radioactive P~ has been found from this reaction

(Ba 39).

I. P"(P+)Siao Q„=4.3

known amount of Al" (2.3 min). They are 3.25+0.05
min (Al 35), 2.55&0.05 min (Ri 37), 3.15&0.05 min

j d 2.18&0.025 min (Ci38). Other reported
va ues wi al th larger errors range from 2.3 min to . min

St53b .(E134, Fa35a, Sa36, Bo37a, Me37, Co40, ).

spectrometer as 2.8 Mev (E134), 3.75&0.19 Mev
Al 35), and 3.5+0.3 Mev (Ma 41); by cloud chamber

as 3 Mev (Cu 34) and 3.0&0.1 Mev (Ba 40); and by
absorption as 2.9&0.1 Mev (El 35), 2.56 Mev (Sh 37),
26 Mev (Me 37), and 3.4&0.5 Mev (Fr 34, B146c).
See also Cu 34a.

There is no evidence for y rays (El 35, St 53b).
The log ft value is 5.0 if the P+ endpoint is taken as

3.3 Mev and the half-life as 3.2 min.
See St 53b, St 53c and Mo 53b for isotopic spin

assignments in P".

II. AP" (n,e)P~ Q~= —2.7

From bombardments of thick aluminum targets at
5 =7.6 Mev and detection of neutrons by nuclear

Ep, i

0&14 5.9
O'7'f o~-= —=

5.5
SP+p

3.3
SI +d-n~29

0.8

-2.7
Al +Dc-n

2/

-4.3
Si

Pro. 18.

6 24

6.3
~28 3
i +He -p

4.8
S ~d-ec32

Thresh. ' Thresh, '

124 19.15

-12.4
31

-19.0
s +1-d
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VII. P"(y m)Pso Q = —12.4

The threshold is measured as 12.35~0.2 Mev
(Mo 49), 12.4&0.2 Mev (Ka 51a), and 12.05&0.20
Mev (Sh 51a). The cross section has a maximum of 16.7
mb at 19.5 Mev with a half-width of 6.5 Mev and an
integrated cross section of 129 Mev mb (Ka 51c) or 99
Mev mb (Ha 52e), as measured by the residual ac-
tivity. Values found by measuring the neutron intensity
with a BF3 chamber are a maximum cross section of 29
mb at 20.5 Mev, a half-width of 5.7 mb, and an inte-
graded cross section of 140-Mev mb (Mo 53a).

See also Bo 39, Ba 46, Pe 48, Ca 51.

VIII. P"(n, 2e)Poo Q = —12.4

Radioactive P" has been found from this reaction
(Po 37a). The cross section for Be(d,e) neutrons
(Eq=15 Mev) is 14.4+1.5 mb (Co 51).

4.366
30

Si + d- p

, ).480
3)

2A

4.38

3.54
3.14
2.79
2.32

1.70

0.76

S 31

Fr.o. 19.

6.592

0.698
31P+n p

34
5+ n

9

1,2

IX S"(y d)P" Q„=—19.0

The threshold is found at 19.15+0.20 Mev (Ka 51a).
The cross section shows a maximum of 1.8 mb at 23.6
Mev with a half-width of 2.1 Mev and an integrated
cross section of 3.9 Mev mb (Ka 51c).

X. S"(n,t)Poo Q = —12.7

Radioactive P" has been found from this reaction at
E„=24Mev but not at 13 Mev (Co 40).

XI. S"(d,n)P" Q =4.8
Radioactive P" has been found from this reaction

(Sa 36, Ho 40b).

XII. S"(p,n)P" Q = —1.6

Not observed.

Grou p

si3o(d, p) si»
0 value in Mev

Va 52c
Si31 level in Mev

Va 52c Mo 50

(&)
(3)
4)
5}

(6)
(7)

4.364m 0.007
3.607+0.006

~ ~ ~

2.665&0.006
2.045&0.005
1.573%0.005
1.224+0.005
0.825&0.004—0.020&0.004

0
0.757&0.007

~ ~ ~

1.699&0.007
2.319&0.008
2.791&0.008
3.140&0.008
3.539&0.008
4.384&0.008

0
0.73&0.15
1.23~0.15
1.73&0.15
2.33+0.15

Mass defect: —13.837 Mev

I Sis~y-)P. » Q.=1.480

Accurate determinations of the half-life yield:
157.3&0.5 min (Vr 52), 157.1+0.7 min (We 51),
155.5+1 min (Lu 50), 159&1min (Mo 52a), and 157.1
&1.3 min (Ci38). See also Cu34c, Ne37, Wa37,
Al 40, Ru 52b.

Tanzz XXXIV. Si~(d,p)Si" Q values and levels in Si".

The P spectrum is simple and has the allowed shape.
The end point has been measured by lens spectrometer
as: 1.471&0.008 Mev (Mo 52a) and. 1.486+0.012 Mev
(Wa 52, Wa 53a). The log ft value is 5.5. Recently p rays
have been detected by scintillation spectrometer. Their
energy is 1.26 Mev and their intensity 0.07 percent.
The corresponding P transition is allowed (log ft= 5.6).
There is no indication of p rays of lower energy (Ly 54).
See also Ku36, Ne37, %i38, We 51.

II. Si"(e,y)Si" Q =6.592

The thermal neutron capture cross section has been
determined by Si" activity measurements as 0.063 b
(Si 41a) and 0.116&0.023 b (Se 47), and by the pile
oscillator method as 0.41&0.4 b (Po 52a). See also
Am 35, Ki 51, On 41.

For fission neutrons (E„=1Mev) the capture cross
section is 1.1 mb (Hu 53a).

II. Si"(d,p)Si" Q„=4.366

Seven proton groups have been found by high resolu-
tion magnetic analysis (8=90') at deuteron energies up
to 2.1 Mev using enriched Si" targets (Va 52c). Corre-
sponding Q values and levels in Si" are given in Table
XIXIV together with results obtained by Al absorp-
tion at Es=3.7 Mev (Mo 50). The proton group corre-
sponding to a level at 1.23 Mev reported by Motz
coincides with an intense Si"(d,p)Si" group and might
result from incomplete subtraction of the Siss(d, P)Siss
contribution to the total proton yield. No corresponding
group has been found in the high-resolution work with
an intensity (at Z&——1.8 Mev and 0=90') larger than
5 percent of the ground-state group (Va 52c). See also
La35a, C146a, A148, St. 51.

The excitation curve for production of the Si"
activity has been measured from 1 to 6 Mev (Ri 47).

IV. Si"(He', 2p)Si" Q = —1.127

Radioactive Si" has been found from this reaction at
ZH, =13 Mev (Po 53).
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V. P"(n,p)Si" Q = —0.698

By measuring pulse heights from a P203 gas-ulled
ionization chamber bombarded by D(d, e) neutrons a
Q value of —0.97&0.13 Mev has been found and a level
in Si" at 0.7 Mev (Me 48). See also Bj 34, Me 34a,
Am 35, Po 37a.

The cross section for Be(d,e) neutrons (Es= 15 Mev)
is 120&12 mb (Go 51); for 14-Mev neutrons 91&9 mb

(Fo 52a) and 64&8 mb (Pa 53).
See P" for resonances.

VI. S'4(e,n)Si" Q = —1.2
Radioactive Si"has been found from this reaction by

bombarding sulfur with fast neutrons (Sa 36, Ci 38).
The cross section at E„=14 Mev is 138&35mb (Pa 53).

8.559
$ +d 0(

5.064
Si +d

15.4

13.1

7.773
7.645

3.4

&t (at, p)hand (ac,n)
—6.6
—5.8
—5.3—4c1

4.5
—4.0

9.679
Al +&

EP ii (P,P)
0.499—0.367
7.290
30

$1 +p

484 1+

$31

2.3
1,4
0.9
0.4

Mass defect: —15.317 Mev 1.480
~-(- —)31 1 3

2 2

0.0
34S+p a

I. AP'(n, e)Pss E =9.679 Q = —2.7

Resonances in this reaction have been found both by
measuring the yield of radioactive P" and by detection
of the neutrons with boron proportional counters.
They are listed in Table XXXV. See also Kl 34, Li 37,
Ha 49a.

See P" for Q values.

1,911
Si ++ p

.28

Pro. 20.

corresponding to a ground-state Q value of —2.23 Mev
and levels in P" at 1.05 and 1.69 Mev (Ha 35, Li 37).
From 7 Mev cyclotron o. particles on natural silicon a
y ray is found of 2.3&0.3 Mev as measured by Al
absorption (Al 48a).

II. Ais'(n, P)Si" Es=9.679 Q =2.389

Resonances in the proton yield observed with natural
n-particle sources are at E =4.0, 4.44, 4.86, 5.25, 5.75,
and 6.6 Mev (Ch32, Di32, Du 34, Ha 34, Ka37,
Sz39 Me 40 Xe40a Li37 . See also Ro 51 Ro 53b.

For Q values and observed y rays see Si". IU. Si"(p,y)P" Q„=7.290

From natural silicon bombarded by protons sharp
III. Si"(n,p)P" Q„=—1.911 resonances not accompanied by positron emission have

From the bombardment of natural silicon with been observed at 367 and 499 kev corresponding to P"
Th(B+C) n particles three proton groups are observed levels at 7.645 and 7.773 Mev (Ta 46). See also Ho 41.

Author: Fa 35a Wa 36
Source: Po, Th (B+C) RaC
Method: P'0(P+) P»(P+)

Sh 37 Fu 38 Sz 39
Rn Th (B+C) Po

»o(o+) ~ »o(v+)

E~ (Mev)

655

7.8

4.0
(4.5i)

5.0
5.4

(6 0)

6.6

5.29
5.64
6.01
6.38
6,57
7.00
7,20
7.34
7.60
8.04
8.24
8.42
8.62

3.95
4.53
4.70
4.84
5.12
5.3

TABLE XXXV. Resonances in Als'(n, N)Pso.
V. Si"(d,I)P" Q =5064

From natural silicon bombardments at Ed=3.7 Mev
and with nuclear emulsion technique for neutron detec-
tion Q values are found of 4.56+0.14, 4.12+0.16,
3.57&0.15, and 2.78+0.16 Mev (Pe 48a). By the use of
enriched Si" targets at E~= 1.4 Mev and nuclear emul-
sion technique Q values have been measured of 4.92,
4.59, 3.73, 2.70, and 1.51 Mev all &0.04 Mev (Ma 52).
If one averages the results of these two investigations
(and assumes that in the earlier one the ground-state
transition has been missed) the following excitation
energies in P" are obtained: 0.4, (0.9), 1.4, 2.3, and 3.4
Mev.

VI. Si"(I9 )P" See Si"

VII. S"(P+)P" See S"
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UIII. S"(d,n)P" Q„=8.559

Not observed.

Ix. s"(p,~)p" Q =o.o
Not observed.

(not illustrated)

Adopted mass defect: —10.2 Mev

(The adopted S" mass gives a P+ decay energy which

is in good agreemen wit with the value determined by
scintillation spectrometer (Bo ). g51~. The a reement with
the experimenta qy, e1 S"' n)S" thresholds is also reason-
able. The cloud-chamber determinations of the P+ en-

oint ive a lower value, but this method seems to give
too low results also in other cases e.g, n

P" takin intoof the Coulomb-energy difference with
'

g
'

account the small systematic oscillation in mass diBer-
ence between = eA=4 +1 and A=4n —1 mirror pairs
results in a mas1 S" ass defect of —9.9+0.2 Mev. )

32

Mass defect: —14.883 Mev

I. P"(P )S" Q =1707
Accurate determinations of the half-life (differing

considerably) are 15.0&0.1 days (Si 36), 14.295&0.005

3.7

Many partly resolved

tn, n) resonances

(not illustrated)

Adopted mass defect: —14.78 Mev (Li 53a)

I. Si"(P )P" Q„=0.10

Radioactive i asS'"h been produced from the reaction
ied

a half-life
"~, 2 ~S" t E =340 Mev. From the measure

activi y an e
' 't d estimated reaction cross section a a —i e

is calculated between 100 and 710 years. The P spec-
trum end point is 100 kev. There are no y rays
(Li 53a). See also Li 53.

S31(P+)P31 Q
—5

The half-life has been measured as 2.9& .2.9~0.2 sec
(Hu 41b) 3.2+0.2 sec (Wh 41), 3.18+0.04 sec (El 41),
2.6+0.2 sec (Mc49), 3.2&0.3 sec (Bo ), a

(Ha 52a). The I8+ spectrum endpoint has been
determined in a cloud chamber as 3.85+ . ev
(Wh 41) and 3.87&0.15 Mev (El 41), and wit a scin-
tillation spectrometer as 4.06&0.12 M
log ft va ue isl

'
3 6 the usual value for super-allowed

transitions between mirror nuclei.

1.9

0.7
7.930 o.1

31P +n 20

5.704
P +d-p31

Many part ty r esolv ed

(n,n) resonances
f-Il ~l ~ i ~I

CV

Cb +, cv

Lf) lO ~ nl OJ
r, r: tel ch

iA Q pj

2.1

7.501

Sl +He p
.30 3

II. Si"(n,n)S3i Q = —7.8

Radioactive ad' ' S"h s been produced by this reaction at
E = 15 Mev (El 41).

3.0

4.21

4.03
16

5.1
+d-a

III. P"(p,n)S" Q~= —5.9

Radioactive asS"h been observed from this reaction
(Wh 41).

IU. S"(y,n)S" Q = —14.8

The threshold has been measured as 15.0& .0.3 Mev
(Be 47a), 14.8&0.4 Mev (Mc 49), and 15.0&0.1 Mev
(Ha 52a). The activation cross section has a maximum
of 24.6 mb at 20.1+0.5 Mev with a half-width of 4.5
Mev and an integrated cross section of 120 Mev mb
(Ha 52a). The photoneutron cross section, htion, for the

y,n), (7,np) and (y,2n) reactions together) has a
f 13 mb at 19.8 Mev with a half-width of 5.2maximum o m a

M d an integrated cross section of 5- ev mev an
Mc 50 Bo 51.(Mo 53a). See also Hu 42, Hu 43, Wa 48, Mc, o

0.9
CI +n-

0.10
$)32

-1.707
S32

) 0.515

l 0.077„'i0

n &0 ca
nei

p32

FIG. 21.

3.32
-3 14 3~20
2'74 3,00
2.65
2.23 !l

2 e1 8
~ 1.75
1.32

-0.925
4P+n-p

-9.57029
Sl a-P ~S
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TAsLE XXXVI. p"(p }S~.

Author

Ly 37
La 39a
W.i 41a
Si 46
La 49a
Ag 50
Wa 50
Sh 5ic
Je 52
Mo 52a

End point (Mev}

1.69 &0.03
1.72 +0.01
1.75 a0.02
1.712+0.008
1.689+0.010
1.718+0.010
1.708+0.008
1.695+0.005
1.704+0.008
1.697~0.010

days (Ca 38), 14.35&0.01 days (Mu 40), 14.35&0.05
days (Kl 48), 14.59&0.03 days (Si 51), and 14.50+0.02
days (Lo 53). See also Am 34, Am 35, Pr 35, Fa 35,
Sa 36, Ne 37.

The P spectrum is simple and has the allowed shape.
Determinations of the end point are collected in Table
XXXVI.The ft value is very large for an allowed transi-
tion (log ft=7.9) but this can be explained by l-for-
biddenness. See also A135a, Ku 36, Li39, Mo 40,
Go40, Hi48, Ba50, Ca52.

The continuous 7 radiation (internal bremsstrahlung)
has been investigated by numerous authors. Its in-
tensity, energy distribution, and P —y angular distribu-
tion have been measured (Wu 41, Si 47b, Ma 51, St 51b,
No 53, Bo 53, Go 53b, Go 53c, Re 53a).

III. Si"(He', p)P" Q„=7.501

Radioactive P" has been found from this reaction at
EH, ~ ——13 and 21 Mev (Po 52b, Po 53).

IV. P"(e y)Pss Q~= 7.930

The thermal neutron capture cross section has been
determined as 0.15&0.015 b (Po 51) and 0.193+0.007 b
(Co 50) both by pile-oscillator measurements, and as
0.23~0.05 b by measurement of the yield of radioactive
P" (Se47). See also La 40, Ra 40, On 41, Si41a, Vo 43.

Twenty y rays (Table XXXVII) have been found by
high-resolution pair spectrometry from the capture of
thermal neutrons in phosphorus (Ki 52). In the case of
ten of these y rays (A, A', C, D, F, H, J, E, l., and P)'
good agreement is obtained if one assumes that transi-
tions take place from the capturing state to the P"
ground state and nine excited states. Three other

(0, E, and 5) may represent transitions from levels to
ground.

Three more y rays of E~=0.51, 1.j.3, and 2.23 Mev
have been found with a two-crystal scintillation spec-
trometer (Br 53a). They can well be interpreted as
ground-state transitions from corresponding P" excited
states.

II. Siss(tr P)P» Q

Radioactive P"has been produced from this reaction
(Fa 35, Ki 39a).

V. P"(e,n)P" Es= 7.930

Broad resonances in the phosphorus total cross sec-
tion (average value about 3.5 b) are found at E„=0.22,
0.38, 0.47, and 0.58 Mev (Sn 53). At high resolution
(DE„2 kev) 31 resonances are observed between
E„=125 and E„=830 kev (Ha 53a). Many incompletely
resolved resonances are reported in the region E„=1.9
—3.7 Mev (Ri 51). Earlier data have been reviewed by
Adair (Ad 50). Below 400 ev the total cross section is
essentially constant (3.5 b). The cross section at E„=14
Mev is 1.97&0.04 b (Co 52a) or 2.22&0.05 b (Ag 53).

VI. P"(e|p)Si" Es=7 930 Q = —0698

A broad resonance in the production of radioactive
Si" has been observed at E„=2.9 Mev (Br49b). At
somewhat higher resolution many incompletely resolved
resonances are found in the region E„=1.9—3.7 Mev
(Lu 50, Ri 51, Ni 52). See also Bj 34, Me 48.

See Si" for Q values.

TAar.z XXXVII. Gamma rays from thermal neutron
capture in phosphorus (Ki 52).

y ray

A'
8
C
D
jV

G
H
IJ
E;

3E

0

Q

S

Energy in Mev

7.94&0.03
7.85+0.05
7,62+0.03
7,42&0.03
6.76&0.03
6.33~0.03
6.14&0.03
6.02~0.04
5.71+0.03
5.41~0.03
5.27&0.03
4.92&0.03
4.68&0.03
4.49&0.03
4.38+0.03
4.20+0.03
3.92+0.03
3.55w0.03
3.28+0.04
3.04&0.04

Intensity in photons
per 100 captures

0.5
1.5
2
7

24
0.7
1.5
1.5
6
2

26

11
7

25
22
9
7

VII P"(d p)P" Q =5 704

Fifteen proton groups have been found by high-
resolution magnetic analysis (tl =90') at deuteron
energies of 1.8 and 2.0 Mev (Va 52b). Corresponding

Q values and P" levels are given in Table XXXVIII
together with P" levels obtained by A1 absorption at
E~=3.76 Mev (Al 51a). See also Po 40a, CI 46a, Al 49b,
St 51, Ua 52a.

Angular distributions of transitions to the ground-
state doublet level have been measured at E~= 7.2 Mev
(Pa 52) and at Eq 14.3 Mev (B——I 53). It is shown by
Butler analysis that these transitions correspond to
l„=2 with less than 5 percent l„=0 admixture. The
inQuence of the Coulomb repulsion on stripping has been
computed for this case (Bu 54).
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TAsx,z XXXVIIIIII. Q values for P@(d p)P" rou s.
energy levels in P~.

Group

(0)
(I)
(2)
(3)
(4)
(5)
(6)
(&)
(8)
(9)

(10)
(11)
02)
(13)
(14)
(15)

Q value (Mev)
Va 52b

5.704+0.008
5.627&0.008
5.189&0.010
4.550a0.007
4.388m 0.007
3.954m 0.007
3.527&0.008
3.477+0.008
3.054&0.006
2.962+0.006
2.705+0.008

(2.563+0.010)
2.445+0.006
2.386+0.006
1.672+0.005
1.497&0.008

Va 52b
Levels in P»

Al 51a

0
0.077+0.002
0.515*0.005
1.154+0.007
1.316&0.008
1.750~0.009
2.177+0.009
2.227+0.009
2.650+0.008
2.742~0.008
2.999&0.010

(3.141+0.012)
3.259&0.009
3.318%0.009
4.032&0.009
4.207&0.010

0
~ ~ ~

0.50+0.05
1.10~0.03
1.36&0.05
1.71+0.04

2.22&0.04

2.72+0.03

3.27+0.04

IX. S"(y,p)P" Q = —9.570

Not observed.

VIII. S"(rs,p)P" Q = —0.925

From pulse-height anal sis born
b 'th 27

as een measured of —0
(Hu41a). From s lf bom su ur bombarded b 2.
trons rays e bo served of E =0.077 and 2.2

y scintillation spectrom t (D
cribed to inelastic tic neutron scatterin . T

a nown level in S" but
is better explained by assumin thg t torg

.5 Mev neutrons
o Am 34, Am35, S 36,

For resonances see S".

dy neutron) configuration predicted b
ia cross section of the P" d

would then be identi l

eading to the ground-state doublet

'
en ica „=2)for the two
un -state oublet, apart from a factor

Thee experimental yield ratio excite-
d--s a e protons) at i'd=90' is 1.7 at Eg 1.8

a q= .0 Mev Va 52
bl th di a pre icted ratio of

J=i n excited-state spin j=2+and an e

For a theoretical discussion re ag dng doube le e

Mass defect: —16.590 Mev

I. Si"(n, rs)S" Q = —1.529

Not observed.

6 Ep
(p.y)

13.$
C1

32
2rYI c

10.9
15(p,g) and

3 (p, cx)

resonance levels

J= 1 r 1.90I
I

1.610
I

1.421

J / (2 1.26S
1.162

I 1.067
~ 0890

OB'l7

~ 1.583
—1.53B

g~1 49S
1.4SB

~1.129~ 1.106

, l Ep

(p,ee)

~ 1.025~ 0.900

6BO

1.6 cale)

II. P"(p,y)S" Q =8855
Sharp resonances in the y-ra

1162 1265 1421 1458 149
, 550, 650, 817 890

r a . Tangen reports resonances at 355 440,, and

X. S'4(dn)P" Q =5.1
Radioactive P" has

(Sa 36).
as been found from this reaction

XI. CP'(n n)P" Q =09
From bombardment with 3- to 4-Mev ne

The cross section rises from about 10 m

section at E„=14.5 M

GENERAL REMARKS

The P" ground-state doublet mi "
g t well consist of

states corresponding t tho e 'sy proton,

6.629
31P +d-n

1.707
p32

J=l

1.5&9
.29

Si +u-n

5.83

5.04
4.74
n.an
4.32
3.81

e hlh

2.25 " J=(2 )

+
y

FIG. 22.

32 1 32
+n n S +p p

8.645
f 33s + I-n
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540 kev (Ta 46). From relatively thick target measure-
ments resonances are found at 460, 580, 700, and 950
kev (Cu 39). These latter values are probably too high.
The region from 1.03 to 2.1 Mev has also been explored
by Gove and Paul (Go 53a). Below 1.65 Mev they
report the same eleven resonances as found by Grove
and Cooper (Gr 51a). There are four more resonances
between 1.65 and 2.1 Mev. Gamma-ray angular distri-
butions have been measured at E„=1.17, 1.27, and 1.90
3&lev. At the first two resonances there are at least 10
times more transitions to the S"first excited state as to
the ground state. If the first S" level is taken as J=2+,
the resonance levels at 1.17 and 1.27 Mev have J=2.
At E~=1.90 Mev at least 7 times more transitions to
the ground state than to the first excited state are ob-
served. This resonance level has J=1 (Go 53a). The
p-ray energy at the 1.27 Mev resonance has been meas-
ured by Al absorption as 12 Mev (Gr 51a). See also
Ho 41.

III. P"(p,n)si" Es=8 855 Q =1.911

Sharp resonances at E„=680,900, and 1025 kev have
been found in the region from 650 to 1070 kev by mag-
netic analysis of the n particles produced (Fr 51).

See Si" for measurements of the Q value.

IV. P"(d,n)S» Q„=6.629

From bombardments of thick targets at X~=1.60
Mev and detection of neutrons in nuclear emulsions at
0' and 90' a ground-state Q value is reported of 6.2 Mev
(error &~0.1 Mev) and S"levels at 0.5, 1.5, 2.2, 2.7, 3.3,
3.8, 4.1, 4.5, 4.9, 5.2, and 5.5 Mev, all ~0.1 Mev
(Sn 52). At Ed 8.1 Mev the——ground-state Q value has
more accurately been measured as 6.81&0.08 Mev also

by nuclear emulsion technique (El 52).
A y ray of 6.2~0.3 Mev has been found by Al ab-

sorption from bombardment of phosphorus by 3.7-Mev
deuterons (AI 49b). This p ray may equally well

originate from the P"(d,p) or P"(d,n) reaction.

(Di 43). At 8~=8-Mev levels are found by magnetic
analysis at 2.25, 3.81, 4.32, 4.50, 4.74, 5.04, and 5.83
Mev all +0.02 Mev (Ar 52).

VIII. S"(y,n)S» Q = —8 645

Not observed.

IX. CP'(P+)S" See CP'

X. Cl"(p,n)s» Q =1.9 Mev

Not observed. See Br 51.

TABLE XXXIX. Gamma rays from Cl"(P+)S".

Author

E& in Mev

Gl 53, Ri 53

2.21+0.03
2,77 or 3.79
4,27+0.08
4.77&0.04

Br 53c

2.25+0.04
3.79+0.08
4.33+0.09
4.82&0.08

the photopeak of a 2.77-Mev line or the pair peak of a
3.77-Mev y ray (Ri53, GI53a). The 2.21-Mev and
4.27-Mev p rays correspond to transitions from known
levels in S" to the ground state. In a small percentage,
decay to an n-unstable level in S" takes place with
E =3.5&0.5 Mev (Ri 53, Gl 53b).

ls2

(not illustrated)

Adopted mass defect: —3.4 Mev (Gl 53, Br 53c)

I. CP'(P+)S» Q =13.2
The half-life has been measured as 0.306~0.004 sec

(Gl 53) and 0.32+0.01 sec (Br 53c). The maximum
positron energy is 9.5&0.4 Mev, indicating P+ transi-
tions to the 2.25-Mev level in S".Gamma-ray energies
measured by scintillation spectrometer are col1ected in
Table XXXIX. The 2.77 Mev peak could either be

V. P»(P-)S» See P»

VI. S»(N n')S»

From the inelastic scattering of 2.5-Mev neutrons

p rays have been found by Al absorption of E~=2.35
0.15 Mev (Gr 51, Be 50), and by scintillation spectrom-
etry of E~=0.077&0.002 Mev and 2.23&0.04 Mev
(Da 53).

The inelastic scattering cross section at E„=2.5 Mev
is 0.38&0.1 b (Gr 51).

See P" reaction VIII for assignment of the 77 kev

p ray.

VII. S"(p,p')S"
From inelastic scattering of 6.9-Mev protons and

energy measurement of scattered protons by Al absorp-
tion levels in S" are reported at 2.25 and 4.34 Mev

II. S"(p,ii) Cl» Q„=14.0 Mev

CP' has been discovered by this reaction and the
threshold has been determined Lby comparison to the
Mg'4(p, e)AP4 threshold measured by Miss Birge
(Bi 52)$ as 14.3+0.5 Mev (Gl 53) and 14.5+0.6 Mev
(Br 53c).

(not illustrated)

Mass defect: —16.606 Mev

I. P»(P )S" Q =0.265

The half-life has been determined as: 25~2 days
(Sh 51c), 24.8&0.5 days (Je 52), and 25&2 days
(We 52). See also Ya 51.

The P spectrum end point is measured by spectrom-
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eter as 0.27+0.02 Mev (Sh 51c) and 0.26+0.02 Mev
(Je 52), and by Al absorption as 0.246+0.005 Mev
(We 52). No y rays have been fou'nd (less than 3 per-
cent) (We 52). The P transition is allowed (log ff=5.0)
but l-forbidden.

II. Si"(a,p)P" Q = —2.978

Not observed.

IV. S'4(y, p)P" Q = —10.9

Radioactive P" has been produced by this reaction
(Sh 51c, Je 52).

Sss(p ~)P38

Not observed.

Q =1.3

III. S"(e,p)Pss Q„=0.517

The cross section of this reactiori for thermal neutrons
is 2.3 mb (We 52). See also Je 52. 6,419

32S +d-p

4.4

630
5.63
5.1 1

4.70

iea
3.21
2.85

237
mn

~=&.S)

~=8.l)
~=P-, l)=

(53)
C1

2m c0

, tEn
(n,n)

0.742
I~ 0.725+,I 0,700

Many incompletely 3 I —0.58s
resolved (n,n )
{n,p)and (n, oc)
resonance levels I &- 0.274

0.203
I g+

9(nsn )resonances
II

t
'0t S.645

8+n32

r (expanded scale)

8.3
Cl ~d-a

7.116

Si +o,

VI. Cl '(~,2p)P Q„=—17.2
CP'(y, n) P" Q„=—7.9

Radioactive P" has been produced by high-energy

y rays on chlorine (Sh 51c, Je 52, Ho 52a).

Al
Lj 1+0.85 3

0.265 P- ~ 3+
P" 0.2m 7hr'esh.

Mass defect: —16.871 Mev

I. Siso(n, e)S" Q = —3.495

Not observed.

-3495
.30

Si +z-n

Fzo. 23.

-11.4
34S+ -n

II. P"(P
—

)S" See P"

TABLE XL. Gamma rays from thermal neutron capture
in sulfur (Ki 52, Ki 53e).

y ray

A
8
C
D

p
6
HIJ

M
E
0

Energy in Mev

8.64a0.02
7.78&0.03
7.42&0.03
7.19+0.03
6.64%0.03
5.97&0.06
5.43&0.02
5.03%0.06
4.84&0.06
4.60~0.06
4.38+0.03
3.69+0.05
3.36+0.05
3.21~0.03
2.94m 0,05

Intensity in photons
per 100 captures

1.2
1.6

(0.7)
(0.5)
0.25
(t)
60
(5)
11
(s)
7
4
7

20
20

III. S"(e,y) S" Q„=8.645

The thermal neutron absorption cross section of
natural sulfur has been measured by the pile-oscillator
method as 0.51&0.03 b (Ha 50), 0.49+0.02 b (Co 50),
and 0.47&0.05 b (Po 51). It is unknown how much

the S"~e 0,~~'29~, ,Si reaction contributes to the cross section.
The contribution of the S'4(n, y)Sss reaction is 0.011
~0.002 b (Se 47). See also Vo 43, Co 46a.

f
Fifteen y rays have been found by pair spectromete er

rom the capture of thermal neutrons in natural sulfur

(Ki52, Ki 53e). They are given in Table XL. The in-
tensities are taken from Ki53e, but those between
brackets are from Ki 52. Gamma rays 3 d 8 b-
abl re

an pro-
a y represent transitions to the ground state and first
excited state of S"and p rays 6 and S correspond to a
cascade to ground through the level at 3.21 Mev. The
identi6cation of the other y rays is less certain. Gamma
rays E, I, and 0 may be the transitions from the
capturing state to the other p states at 4.15, 4.70, and
5.63 Mev (Ki 53e).

Thermal neutron capture y rays of X~=0.84, 1.52,
and 2.34 Mev have been observed with a scintillation
spectrometer (Br 53a). The 6rst y ray corresponds to
the de-excitation of the 0.84 Mev level in S".From the
act that the energies of the first two y rays add up

pretty nearly to that of the third, one vvould be inclined
to assume a S"level at 2.34 Mev, but no such level has
been observed from the S"(d,p)S" reaction. A more
probable explanation for the 2.34-Mev p ray is a transi-
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tion from the strongly excited level at 3.19 Mev to the
first level at 0.84 Mev. The 1.52-Mev y ray then remains
unexplained. See also Ku 49.

V. S"(e,p)P" E =8645 Q = —0.925

The cross section increases monotonically from
E„=1.6 to 4.0 Mev and is constant (0.3 b) from E„=4.0
to 5.8 Mev (Kl 48). At somewhat better resolution many
incompletely resolved resonances are found in the region
from E„=1.9 to 3.7 Mev (Wi 37, Bl 47b, Lu 50, Ri 51).
See also P»

VI. S"(n,o.)Si" Es= 8 645 Q~= 1.529

Resonances are reported at 1.77~0.12 and 2.12&0.12
Mev (St 48). See also Wi 37. See Si" for a measurement
of the Q value.

TABLE XLL Levels in S" from S~(d,P)S~.

Author
E,) {Mev)
Ground-state
O value {Mev)

Sm 4i
3.1

Da 49
3.22

6.62 6.48 +0.& &

Ho 53d
8.0

Sss levels (Mev) 0 0 0 J= {3/2, 5/2)+
1.05 0.79&0.05 0.85 J= 1/2+

1.90&0.05
2.17 2.27&0.05

2.85&0.05 2.90 J= (5/2, 7/2)
3.22 3.15&0.05 3.26 J= (1/2, 3/2)

3.88&0.05
4.33 4.15+0.05 4.21 J= (1/2, 3/2)

4.42+0.05
4.70+0.05 4.89 J=(1/2, 3/2)

5,32 5.11+0.05
5.63+0.05 5.72 J'= (1/2, 3/2)
6.30+0.05

' A group leading to this level was present but the 0 value has not been
determined.

IV. S"(e)m)S" Es 8.6——45

Measurements of the sulfur total neutron cross sec-
tion have been reviewed by Adair (Ad 50). The cross
section decreases slowly from 1.6 b at E =0.02 ev to
1.1 b at E„=300ev (Ra 48). Below E„=750 kev sharp
well-separated resonances are found at 111, 203, 274,
290, 375, 585, 700, 725, and 742 kev. The width of the
111-kev resonance is 18kev (J= —,'+), of the 3/5- and 700-
kev resonances F= 12+1.5 kev (J=—,'+), and of the 585-
kev resonance F= 1.5 kev (J=-,s). All other resonances
have J=s (while J=+s is not excluded). Six more

sharp resonances are observed in the region from
E„=750 to 1100 kev, while from 1100 to 1450 kev the
energy resolution (from 9 to 15 kev) was not sufhcient
to separate the many resonances completely (Ad 49a,
Pe 50a). Also in the region from 1.5 to 12 Mev many
incompletely resolved resonances were found (Fr 50,
Ri 51, Ne 53, St 51d). At E„=14 Mev the cross section
amounts to 1.92+0 04 b (Co 52a), while 2.06&0.07 b
is found at E„=13.3 Mev (Li(d,e) neutrons) (Ag52,
Ag 53).

VII. S"(d,p) S" Q„=6.419

The ground-state Q value has been measured by high-
resolution magnetic analysis at E~= 1.8 Mev as Q =6.422
~0.011 Mev (St 51). Other values for the ground-state
reaction energy and S" levels found by range analysis
at diferent deuteron energies are collected in Table XLI.
The assignment of the ground-state group is confirmed
by the absence of p —y coincidences (Da49). Spins
and parities of S" levels determined from angular
distribution measurements and Butler analysis are also
given in Table XLI. Shell model assignments have been
discussed on the basis of /„ values and measured neu-
tron capture probabilities (Ho 53a, Ho 53d). Angular
distribution measurements of proton groups leading to
ground state and first excited state have also been per-
formed at E~=14.3 Mev with the same results as given
in Table XLI (Bl 53).

VIII. S'4(y, e)S" Q = —11.4
The threshold for this reaction has been measured as

10.85&0.20 Mev (Sh 51a).
The excitation curve is found by subtracting the

S"(p,e)S"yield, measured by the S" activity, from the
total photoneutron yield, measured by a BF3 chamber.
The values obtained, although subject to large errors,
are a maximum cross section of 60 mb at 17 Mev and a
half width of 4 Mev and an integrated cross section of
200 Mev mb (Mo 53a).

IX. CP'(P+)S" See CP'

X. CPs(d, n) S" Q 8.3

An O,-particle group from this reaction may have been
observed at Eq=3.2 Mev. The Q value measured by
range analysis is 9.1 Mev (Sh 41).

XI. Ass(e, n)S" Q =2.0
Pulse-height analysis from an argon-filled ionization

chamber yields a ground-state Q value of 2.0+0.1 Mev.
A second a-particle group is observed corresponding to a
Q value of 0.9+0.1 Mev. The excitation curve for these
two transitions has been measured from E„=2.15 to
4.40 Mev (To 53). The ground-state group was also
observed at E„=2.5 Mev, although it was ascribed to
the reaction A4'(e, a)Ssr. The measured Q value is 1.8
Mev and the cross section 30 mb (Gr 46).

Adopted mass defect: —11.5 Mev

(The adopted mass defect has been calculated from
the observed S"(d,n)CP' Q value. It is in reasonable
agreement with the measured Cls' positron decay
energy. )

I. CPs(P+)Sss Q =5,4
The half-life measurements are 2.8 sec (Ho 40b) and

2.8 sec (Sc48). Other determinations, 2.4&0.2 sec
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IV. S"(p,l)CP' Q = —6.2

Radioactive CP' has been produced by this reaction
(Wh 41).

V. S"(d,l)CP' Q„=0.3
Several neutron groups have been observed with

nuclear emulsions at Eq=8 Mev. The ground-state Q
value is 0.25 Mev, and levels are found at E =0.76
&0.07, (1.89), 2.84+0.06 and 4.22&0.08 Mev. Several
more closely spaced levels are found above 4.22 Mev.
From angular distribution measurements and Butler
analysis the CP' ground state can be characterized as
J=(-,',5/2)+ (t„=2), the level at 0.76 Mev as J=-,'+
(t„=0), while the levels at 2.84 and 4.22 Mev check
best with J= (-', 32) (l„=1) (Mi 53b).

See also Ho 40b, Sc 48, Hu 51.

VI. CP'(y, 2e)CP' Q = —23.9

Radioactive CP' has been produced by the irradiation
of NH4C1 with 70-Mev x-rays (Bo 51).

VII. A86(p, n)CP' Q = —4.1

Not observed.

(Wh 41) and 1.8&0.1 sec (Bo 51), have to be doubted
as probably a mixture of CP' and CP4 has been studied
(St 53).

Possible confusion with the short-lived Cle' also
sheds doubt on the measurement of the beta spectrum
endpoint: 4.13+0.07 Mev with a cloud chamber

(Wh 41) and 4.43+0.13 Mev (Bo 51) and 4.2+0.2 Mev
(Na 53) with a scintillation spectrometer Ay r.ay of
2.9 Mev is observed in the decay, indicating p+ transi-
tions to the 2.85 Mev level in S", with an intensity
of 0.3 percent of the ground-state transition (Me 53a).
The log ft value of 4.0 suggests even parity for the 2.85
Mev level in contradiction with the results from the
S"(d,p) SN reaction.

II S"(p y) CP' Q =2 5

Not observed. See Ta 46.

III. S"(p p)S" Eg=2.5
With protons of 1.0 Mev&E~&2. 8 Mev from an

electrostatic generator and a H2S gas target resonances

in the elastic scattering cross section have been ob-

served at E„=1.90 Mev (width (25 kev) and at 2.31
Mev (width ~60 kev). The angular distribution of the
scattered protons measured from 50' to 150' indicates
that both levels have a negative parity, the 4.3 Mev
level a spin ~ and the 4.7 Mev level a spin ~. Above

2.31 Mev and under 1.90 Mev the angular distribution

complies with Coulomb scattering (Fe 53).

(not illustrated)

Adopted mass defect: —14.8 Mev (Bl 46)

P84(P-)P4 Q

The half-life has been given as 12.7 sec (Co 40),
14.5+1 sec (Hu 45) and 12.40&0.12 sec (Bl 46).

The P decay proceeds in two branches. The main

branch (75 percent) has an end point measured by Al

absorption as 5.1&0.2 Mev, the other branch (25 per-

cent) is in coincidence with p rays and has an end point
of 3.2+0.2 Mev (Bl 46).

The ground-state transition is allowed but l-for-

bidden (log ft= 5 2), while th. e 3.2 transition is allowed

(log ft=4.7).
The spin and parity of P'4 are very probably J= 1+

(see S'4 "General Remarks" ).

II. P"(N,y)P'4 Q =6.6
Carrier-free radioactive phosphorus obtained by pile-

neutron irradiation of sulfur contains about 2.5 atoms
P" per 100 atoms P" (Je 52). If this mixture is again
irradiated in a pile a 22&5 sec activity is observed

(Ya 51) which may be P'4 (Je 52).

III. S'4(e,p)P'4 Q = —4.3

Radioactive P'4 is produced by fast neutrons on
sulfur (Co 40, Bl 46). The cross section at Z„=14.5 Mev
is 85+40 mb (Pa 53).

IV. S36(d a)P~ Q =5 6

Not observed.
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2.10%0.03
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discriminate between photo-, pair-, and Compton-peaks
in his pulse spectrum. See also Sa 36, 31 46c.

The.isomeric state decays in about equal numbers by
P+ emission to excited levels in S"and by y transitions
to the CP4 ground state. It has been shown by means of
the Szilard-Chalmers process that CP4 is a daughter of
CP'" (Ar 53a). The conversion coefficient of the 142 kev
p ray (14 percent+4 percent) indicates it to be M3
radiation. According to its log ft value of 3.5, the 4.45
Mev P+ decay is a super-allowed transition and deter-
mines the ground state of CP4 as 0+.

The P+ transitions from CP4™to the S'4 levels at 2.1
and 3.2 Mev are allowed (log ft=5.8, vis. , 4.5). The
isomeric state is then 3+ (Ar 53, St 53, St 53c). Peaslee
concludes that the isotopic spin of the ground state is
T= 1 and of the 142 kev level is T=0 (Pe 53).

For theoretical discussions of the CP4 ground state
see Ku 53, De 53a.

IX. CP~(n, 2n)CP' Q = —12.8

The bombardment of chlorine with neutrons from
Li+d yields CP4 (Po 37a). The cross section at E„=14.5
Mev is 3.5&1.5 mb (Pa 53).

(not illustrated)

Adopted mass defect: —18.5 Mev

(The mass of S"is very accurately connected to the CP'
mass by means of the P spectrum end point. )

I. S"(P )CP' Q =0.2
The half-life has been given as 80&10 days (An 36),

88&5 days (Le 40), 88+3 days (Ka 41), and 87.1&1.2
days (He 43). Determinations of the P spectrum end

point are collected in Table XLIII. The Kurie plot is

II. P"(n,n) CP4 Q„=—5.8

Radioactive CP' has been produced from this reac-
tion by n particles from natural radioactive elements
(Fr 34, Br 38) and from a 9-Mev cyclotron (Ri37).
No resonances are found.

TABLE XIIII. End point of S"P spectrum.

Endpoint (kev)

107 ~20
120 ~15
167 + 4
169 a 5
166
169 & 3
169.1a 0.5
168
168.3& 4
167.0& 0.5

Author Method

screen-wall counter
Al absorbers
Al absorbers
Al absorbers
magn. spectrom.
magn. spectrom.
magn. spectrom.
prop. counter
electrostat. spectrom.
magn. spectrom.

I.i 39
Ka 41
So 47
Ya 48
Al 48c
Se 48b
eo 48
eo 49
Gr 50b
I.a 50

III. S"(n,d)CP4 Q = —12.4

This has been the first example of an (n, d) reaction
(at 8 = 22 Mev), although the (n,pn) reaction has not
been excluded. The product nucleus was chemically
determined as chlorine and an absorption curve of the
positrons identified it as CP4 (Sh 40).

IV. S83(p,y)CP4 Q =5.0
Not observed.

straight down to the point where source thickness
distorts the spectrum (Al 48c, Be 48b, Co 48, La 50,
Gr 50b, He 51, Mi 53a) although recent measurements
in a diGusion cloud chamber indicate a low-energy cut-
off at 10 kev (Pl 53). See also Wu 50.

The log ft value is 5.0. A spin y=2 for S" is found
Cl" has been produced by this reaction (Sa36, from microwave experiments (We 51a)

Ho 46).

VI. S"(p,n)CP' Q = —6.5

Radioactive CP4 has been produced from this reac-
tion, and the excitation curve has been measured to
100 Mev (Hi 52a).

VII. CP'(y, n) CP4 Q„=—12.8

The cross section at E~=17.6 Mev is 4.4+1 mb
(Wa 48). The integrated cross section is 58 Mev mb
(Ed 52). See also Bo 39, Hu 43, Pe 48, Mc 50.

The (y,n) threshold (9.95&0.20 Mev) observed in
the bombardment of natural chlorine (Sh 51a) should
be assigned to CP'(y, n) CP'.

VIII. CP'(p, pn)CP4 Q = —12.8

CP4 has been produced in the bombardment of NaC1
with 18-Mev protons (Ru 51a, Ti 51).

II. S'4(n, y)S" Q„=7.0

The thermal neutron capture cross section has been
measured by the S" activity produced as 0.26&0.05 b
(Se 47).

III. S'4(d,p)S" Q =4.8
Radioactive S"has been produced from this reaction

(Ka 41).

IV. S (y,3n8)S" Q = —9.2
Not observed.

V. CP'(n, p)S" Q„=0.6
The thermal neutron cross section has been measured

by the S" activity produced as 0.169&0.034 b (Se 47)
and as 0.29&0.07 b (Ma 49a).
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The Q value has been determined from ionization-
chamber pulse-height analysis both with thermal and
with D(d,e) neutrons as 0.52&0.04 Mev (Gi 44).

See also An 36, Le 40, Ka 41, On 41a, Ka 42.

VI. CP'(d, n)S34 Q =7.7
Radioactive S"has been produced from this reaction

at 84=14 Mev (Ka 41).

VII. A" (N,n)S" Q = —0.2

Not observed.

]35

Adopted mass defect: —18.7 Mev (see Introduction)

I. S"(n,p)CP' Q„=—1.8

With a particles from natural radioactive elements
three proton groups are observed with Q values —2.10,
—2.7, and —3.6 Mev, indicating levels at 0.6 and 1.5
Mev (Li 37, Ha 35, Br 36). A more recent determina-
tion of the ground-state Q value is —2.02&0.11 Mev
(Fo 52). With 7 Mev n particles from a cyclotron, a,

p ray of E~=2.4&0.3 Mev is observed by an Al ab-
sorption method (A148a), which might also result,

from S"(n n')S"

II. S34(p,y)CP' Q =6.4
With 1 percent energy resolution, resonances are

found in the bombardment of sulfur with protons of
0.9 Mev&E~&1.9 Mev at E„=1.37, 1.61, 1.69, 1.8,

54 ~
s+

p85

and 1.86 Mev. As the target shows no radioactivity
these resonances are attributed to S'4, but in view of the
short half-life of CP' capture in S" should not be ex-
cluded (Ha 51c).

III. S34(d,~)CP5 Q.=4.1
Not observed.

IV. S35(P )CP' See S"

V. A" (P+)Cl" See A"

VI. A33(y,p)CP' Q = —8.5

Not observed.

VII. A33(p,n) CP5 Q = —0.8

Not observed.

35

(not illustrated)

Adopted mass defect: —13.3 Mev (Wh 41, El 41)

I. A"(P )CP' Q„=5.4
The half-life is given as 2.2&0.2 sec (Wh 41), 1.88

&0.04 sec (El 41), and 1.84 sec (Sc 48). The P+ spec-
trum end point is measured by cloud chamber as 4.38
&0.07 Mev (Wh 41) and 4.41&0.09 Mev (El 41). The
log ft value is 3.5, the usual value for super-allowed
transitions between mirror nuclei.

II. S"(n,e)A" Q„=—8.1

Radioactive A" has been found from this reaction
(El 41, Sc 48).

III. Cl"(p,e)A" Q = —6.2

Radioactive A" has been found from this reaction
(Wh 41).

IV. A"(y,e)A35 Q„=—14.7

Not observed.

0.2
O.t68

0.8
38A+p-~

-8.5
f36
A 4g-p

)35

FiG. 26.

ThC

l.8
32S +o.'-p

(not illustrated)

Adopted mass defect: —19.3 Mev

(The adopted mass defect is based on microwave de-
terrninations of the S"—S'4 mass difference (Lo 49).)

I. CP'(y, p)S" Q = —9.2

Not observed.

II. A4'(y, n)S34 Q = —7.6

Alpha particles from this reaction have perhaps been
observed as a background of large pulses from an argon-
6lled ionization-chamber bombarded by 17.6-Mev

y rays (Wi 51).
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Adopted mass defect: —18.9 Mev

TABLz XLIV. Gamma rays from thermal neutron
capture in chlorine.

(The adopted mass defect is based on the mass of A'6

and the end point of the CP'(P )A" spectrum. )

I. CP'(P )A" Q =0.7
The half-life has been reported as about 10' yr

(Ov 47a) and (0.44+0.05) X10 'yr (Wu 49). The latter
value has been obtained by measuring the absolute

ecay rate from a NaCl sample, of which the isotopic
concentration of CP' was determined by microwave
spectrometry of ClCN. See also On 41a.

The end point of the P spectrum is 0.714+0.005 Mev
(Fe 52, Wu 49). See also Gr 41, Ov 47a. The shape of
t e beta spectrum has been investigated extensively
with thin sources and is consistent with a 65= 2, no,
transition (Wu 50, Fu 51, Fe 52). The log ft value is
13.4. The number of positrons is less than 10 4 times the
number of electrons (Wu 49, Jo 49), and no y rays are
present with energy E~& 20 kev and an intensity of more
than 5 percent (Wu 49).

Author Ki 52

Method

Line

A 8.56~0.03
7.77+0.03

C 7.42+0.03
D 6.98~0.03
E 6.62+0.06

6.12~0.03
G 5.72+0.03
H 5.51~0.03
I 5.01+0.03J 4.46~0.04
E 4.06+0.04

3,62*0.05

3
10
8
1

6
2
1
4
2
3
2

Pair
spectrometer

Inten-
sity per

Energy in 100
Mev captures

Ha 52b

Scintillation
spectrometer

Re 53

Two-crystal
scintillation

spectrometer

Br 53a
Two-

crystal
scintil-
lation
spec-

trometer

Energy in
Mev

Energy in Rel. Energy
Mev int. in Mev

7.7&0.2

6.2+0.2

4.67&0.10

3.71+0.10 (23)
2.68&0.10 (10) 2.84
2.40+0.10 (14) 2.45

2.00 +0.025 2.03+0.10
1.59 +0.013 1.77&0.10 (19'
1.15 +0.010 1.12+0.10 (29) 1.14
0.784+0.010 0.70+0.10 (35) 0.75

0.48

32

\

'1

1

\

6.3
35Cl +d-p

1.3
39

K +n-ot.

0.1
36

A +n-p

-0.7
A

Many partly
'unresolved

(n, n) resonances

At tO
to t ~ O

lA i

al ~ O
tA

\

\

\

1 iI 551

i, I s.oe
1

447
l
1

3.86
3.58

l

2.84
'l

1 2.43
2.00
1.59
115 Ii n

~ ~ to ~ ~

078 Al AI

a tA

lA"Yuf'(0i'0 "&

14
CI.

—12
36S +p-n

J=2

ii En
1.0

8.6
Cl +n35

i' Thresl

9.95

A spin 1=2 is obtained for CP' by microwave experi-
ments (To 49, Jo 51, Gi 52a).

For theoretical discussions of the CP' ground st t
Ku 53, De 53a.

oun s a csee

In principle the decay CP'(E.C.)S" with Q =0.4
Mev is also possible, but this has not been observed.

II. S"(n,p)CP'

Not observed.

Q„=—2.0

III. S"(p, tt)CP' Q = —1.2

Not observed.

IV. CP'(~, ~)CPS Q„=8.6
Thee thermal neutron absorption cross section of

natural chlorine is 31.3&0.8 b (Co 50), 31.5&1.6 b
(Hu 50), and 32.7&1.6 b (Po 51) as measured by the
pile oscillator method. See also La 40, Vo 43, Co 46a.
Asthe CP'ca tp ure cross section is small, this large cross
section is mainly due to CP'.

The y rays resulting from thermal neutron capture
have been extensively investigated by several authors.
See Table XLIV and also Ra 35, Ku49, Mi50a,
Ha 50b. The 8.56-Mev line corresponds to the ground-
state transition. Besides the 0.48-Mev line, all other
ines can be explained by cascades from the capturing

state through one excited state to the ground state. The
average Q value of this reaction is 8.57&0.03 Mev
(Ha 52b).

20
33S +os-p

FIG. 27.

10.4
37cl +I-n

V. CPt(n, tt)CP' Z,=8.6
The data on the total neutron cross section of natural

chlorine up to E„=400ev are given by Adair (Ad 50).
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In the region from E„=0.15 to 1 Mev resonances
are found by use of Li(p, n) neutrons with an average
level distance of 14 kev. The average cross section
in this region is 2.5 b (Ki 53c). See also Sn 53. In
the energy range from 2.2 to 2.85 Mev the cross
section is between 2.66 and 2.84 b (Ao 39) or about
3 b (Dv 53). At E„=2.85 Mev a =3.42+0.16 b has
been found (Zi 39) and 0.=2.00&0.05 b at 14 Mev
(Co 52a).

III. CP'(d, e)A38 Q =6.3
Not observed.

IV. CP6(8 )A" See CP'

V. K"(pn)A" Q =2.0
Not observed.

VI. Cl"(d,p)CP' Q„=6.3
Q values from bombardment of enriched targets with

3.2-Mev deuterons are 6.31, 5.35, and 1.50 Mev, corre-
sponding to the ground-state transition and transitions
to levels at 0.96 and 4.81 Mev (Sh 41). With natural
chlorine targets 10 proton groups are observed with
Q=6.26, 3.94, 3.46, 3.03, 2.76, 2.40, 1.84, 1.18, 0.69,
and 0.44 Mev. The 6.26-Mev Q value is the ground-state
transition in Cl"(d,p)C1' (En 51b). The 3.94- and
3.03-Mev Q values have probably to be assigned to
CP"(d,p)CP' according to the results of Shrader and
Pollard. See also Po 40a.

The angular distribution of the ground-state proton
group has been measured with nuclear emulsions at
E&=6.90 Mev and 7.8 Mev. Butler analysis yields
1„=2 in both cases, with less than 4 percent admixture
of /„= 0 (Ki 52a, Ki 53b).

VII. CP'(y)e)CP' Q = —104
The photoneutron threshold of natural chlorine is

9.95+0.20 Mev (Sh 51a). This value should be assigned

to the Cl" isotope, as the calculated threshold of
CP'(y, e)CP4 is considerably higher (—12.9 Mev).

VIII. A"(n,p)CP' Q =0.1
Not observed.

IX. K"(e,n)CP' Q„=1.3
Not observed.

(not illustrated)

Adopted mass defect: —19.6 Mev (see Introduction)

I. S"(n,e)A" Q„=—2.0

Not observed.

II. CP'(p, y)A36 Q =8.5
Eighty-six sharp resonances in the p-ray yield from

targets containing natural chlorine were found for
proton energies between 500 and 2150 kev. From targets
enriched in Cl'5 resonances were observed at 858, 888,
1102, 1258, 1484, and 1510kev (Br 51). See also Cu 39,
Ta 46

(not illustrated)

Adopted mass defect: —16.6 Mev (B146)

(The mass of S" is connected to the CP' mass through
the end point of the P spectrum. )

I. S"(P )CP' Q =4.3
The half-life is 5.04+0.02 min. The P spectrum has

been measured by Al absorption. It consists of two
components with the following endpoints and relative
intensities: 4.3*0.3 Mev (10 percent) and 1.6+0.1
Mev, (90 percent). The second component is in coin-
cidence with a 2..7&0.2 Mev y ray (B146). The
P ground state transition is evidently forbidden Dog ft
=7.0 and log(WO' —1) f1=9.0j while the transition to
the 2.7-Mev level in CP' is allowed (log ft=4.2).

II. S36(e,y)S" Q =5.7
The thermal neutron activation cross section is

0.14+0.04 b (Hu 52).

III. S"(d p)S" Q„=3.4
Not observed.

IV. CP'(e, p)S" Q = —3.5

The S'7 activity is produced by fast neutrons on
chlorine (Bl 46). The cross section at E„=14.5 Mev is
33a7 mb (Pa 53).

V. A4'(n, n)S" Q = —2.0

In the bombardment of argon gas in an ionization
chamber with 2.5 Mev neutrons an n-particle group is
observed corresponding to a Q value of 1.8 Mev and a
cross section of 0.1 mb (Gr 46). In view of the large
discrepancy with the Q value calculated from the S'~

adopted mass (Q = —2.0 Mev) it may safely be
assumed that the observed n-particle group must be
assigned to the A"(n,n) S" reaction (Q =+2.0 Mev).

$37

Adopted mass defect: —20.9 Mev (see Introduction)

I S"(P )CP' See S"

II. A"(E.C.)CP" See A"

No other reactions have been observed giving in-
formation on this nucleus. It can be reached in principle
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II. S34(n,n)A" Q = —4.6

Radioactive A" has been roduc
action (We 44).

I. A"(E.C.)CP' =0.8
The half-life is given as 34

measured as E„=1.60 Mev
ev( i 0)
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en o the time-of- by the A"

ure cross section measured
activity produced is 6.5&1.0 b M 50activit . . c Oa .
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euteron bombardment fo argon gas
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Author
Zd (Mev)

Da 49a
3.4

Zu 50
3.9

TABLE XLV. Levels in A ' from A"(d,p)A'r. III. A"(d e)K" Q =0.2
Not observed.

0 values
(Mev)

6.59&0.03
5.06+0.03
4.92&0.05
4.32+0.05
4.03+0.03
3.13

A» levels
(Mev)

0
1.53
1.67
2.27
2.56
3.46

~ ~ ~

5.01

0 values
(Mev)

6.49&0.08
5.05+0.05

~ ~ ~

3.93+0.05
2.95+0.05
2.09+0.07
1.86+0.07
1.42+0.03
0.64+0.07

A» levels
(Mev)

0
1.44

~ ~ ~

2.56
3.54
4.40
4.63
5.07
5.85

IV. K"(y,2e)K" Q„=—24.6

By this reaction K" has been produced with x-rays
from a 70-Mev synchrotron (La 48, Bo 51).See also K"
"General Remarks. "

V. Ca4'(P, n)Ksr Q„=—4.7

Not observed.

]88

enriched in A" content and from proton energy determi-
nations by Al absorption.

VII. A"(y,e)A" Q = —11.8

Not observed.

VIII. K"(d,n)A" Q =7.8
Radioactive A'7 has been found from this reaction

(We 44).

IX. K4'(p, n)A" Q =2.2
Not observed.

X. Ca~(e,n)A'" Q„=1.7

Radioactive A'7 is produced by pile irradiation of
calcium (Ro 52). See also We 44.

37

Adopted mass defect: —18.6 Mev

(The adopted mass defect is based on the measured CP
beta-decay energy release and gives good agreement
with the measured CPr(d, p) CPs Q value. )

I. CP'(P )A" Q„=4.9
The half-life is determined as 37.0 min (Va 36), 37.5

min (Hu 37, Cu 40), 37.3&0.3 min (Wa 39), 38.5&0.5
min (Ho 46), and 37.29+0.04 min (Co 50a).

The p spectrum is complex and can be analyzed into
three branches. Two p rays are observed. Their energies
and relative intensities determined by magnetic spec-
trometer are given in Table XLVI. The intensity of a
potential 3.75-Mev crossover y ray is less than 0.03 per-
cent per p particle (My 49). The shape of the high-
energy P spectrum and its ft value flog ft=7.5 and
log(Ws' —1) ft=9.5) are characteristic for once-for-
bidden transitions (AJ=2, yes) (La 50a, Wu 50). The

(not illustrated)

Adopted mass defect: —14.5 Mev

(The adopted mass defect is based on the adopted mass
of A" and the K"(p+)A" decay energy).
I. K"(P+)A" Q =5.6

The half-life is measured as 1.3&0.1 sec (La 48) and
1.2+0.2 sec (Bo 51). The positron end point has been
measured with a scintillation spectrometer as 4.57~0.13
Mev (Bo 51). The log ft value is 3.4 in agreement with
other log ft values of super-allowed transitions between
mirror nuclei.

The assignment to K37 of the half-life and positron
end point reported above has recently been made very
uncertain by Stahelin's measurements on K" (St 53b).
See K3' "General Remarks. "

3.8
CI +d-p

3.75

6.1

1.92

1.00

4.81 (53oro)

2,77 (16oro)

1.11 (31orp)

En

(n~y)

00018 6 1

CI +n
5,4

A +d-o{.

0.2
41+n-a,

II. Ass(p, q)K» Q =2.5
No resonances have been found in the bombardment

with protons of 0.5(E„&I.8 Mev of silver targets con-
taining separated A" (Br 48a).

QmO

A36

FIG. 30.

4.1

+n-p
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TABLE XLVI. Beta decay of Cl

Author Wa 39

Ep( (Mev) 4.99a0.06

Eps (Mev)

Eps (Mev) 1.08&0.06

Ey( (Mev)

Eyp (Mev)

CU 40 Ho 46

5.2
(58'%%uo)

2.70
0&%)
1.19

(36%)
2.15 2.19+0.03 2.15

(87%) (53%) (57%)
1.65 1.64+0.02 1.60

(48%) (47%) (43%)

La 50a

4.81&0.05
(83 4%)

2.77+0.05
(&~ 8%)

1.11&0.01
(3o.8%)

P transitions to the 2.15-Mev level are also forbidden
(log ft=6.9) while those to the 3.75-Mev level are
allowed (log ft=4 9) Fr.om. the data given above and
from the measured y —y angular correlation (Wa 41,
Ki42, St 50) spins and parities can be assigned as
shown in the A" level diagram. The parity of the A"
3.75 Mev level is still in doubt. Odd parity follows from
the low ft value (log ft=4.9) of the P transition to
this level, but the y —y angular correlation measure-
ments would point to even parity. See also A135b,
Ku 36, Ri36a, Ak 41.

For theoretical discussions of the CP' ground state
see Ku 53, De 53a.

VII. K"(ps&(s) CPs Q = —0.2

Radioactive Cp' has been found from the bombard-
ment of potassium by fast neutrons (Hu 37). The cross
section at Jy „=14.5 Mev is 31&11mb (Pa 53).

Adopted mass defect: —23.5 Mev (see Introduction)

I. CP'( (sp)A" Q„=0.8
From bombardment of natural chlorine by ThC'

n particles and determination of proton energies by
absorption in air Q values are found of 0.1, —2.5, and
—4.2 Mev (Po 36a, Li 37). This experiment has been
repeated with cyclotron n particles of E =7.45 Mev
and proton energy determination by Al absorption.
From targets enriched in CP' Q values are found of
0.81&0.08, —1.32&0.08, and —2.92&0.08 Mev, corre-
sponding to A" levels at 2.13&0.04 and 3.73&0.04 Mev
(Kr 53).

For Q values see A".
The energies of 7 rays from this reaction have been

measured by pair formation in a p spectrometer as
Z„=1.7&0.2, 2.7&0.3, and 3.9&0.4 Mev (Ma 37,
Ma 41).

II. CP'(ps, y)CPs Q„=6.1
The thermal neutron capture cross section is meas-

sured from the resulting CP' activity as 0.3 b (On 41),
0.38 b (Si41a), and 0.56&0.11 b (Se 47). At about 1
Mev the capture cross section is 0.74 mb (Hu 53a).
See also Hu 49. A resonance at E„=1.8 kev has been
observed by a boron-absorption method (Li47). See
also Am 35, Ke 40, On 41a.

III. CP'(ps, ps) CP' Es= 6.1

For resonances in the chlorine total neutron cross
section see CP'.

„Ep

11.8
A+n37

10.2
Cl +p

0.4

Many (p.y).
(p,n) and (p, o('.)

10.6

8.0
37Cl +d-n

II. CP'(d, ps)Ass Q =8.0
Not observed.

11.7
40

K +d-o(.

IV. CP'(d, p)C1" Q =3.8
From enriched target bombardments at Eq= 3.2 Mev

and proton energy measurement by Al absorption Q
values are found of 4.02, 3.02, and 2.10 Mev, corre-
sponding to CP' levels at 1.00 and 1.92 Mev (Sh 41).

See also Va 36, Ku 36, Po 40a, Ak 41, Ho 46, Cl 46a,
En 51b.

V. Ass(ps p)CPs Q = —4.1

Not observed.

VI A(d, )CP. s Q„=5.4
A weak P- activity with 5-Mev end point observed by

cloud chamber after the bombardment of argon with
5.3 Mev deuterons might be ascribed to this reaction
(Ku 36, Bl '46a).

Cl

P 4.81 (53.4
2.77. (15.8

(,(( (30.8

3.75

2.16

Js3

38

+
JMO

Pro. 31.

ThC

4.0
41+p-c4

0.8
35

Cl +w-p

—6.5
& 39

K +g-p

S +ac,
34

J-(2,3)'
38
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III. CP'(p, y)A38 Q =10.2
Eighty-six sharp resonances in the p-ray yield from

targets containing natural chlorine were found for
proton energies between 500 and 2150 kev. From targets
enriched in CP' a resonance was observed at 1090 kev
(Br 51). From natural chlorine also resonances were
found at 427, 447, 500, and 532 kev (Ta 46) and at 650,
800, and 1000 kev (Cu 39).The maximum y-ray energy
at the last three resonances has been measured by Al
absorption as 14.5 Mev (Cu 39).

IV. CP'(p, e)A" Eg= 10.2 Q„=—1.6

Some 130 resonances in the neutron yield are found
from natural chlorine targets for proton energies from
threshold (at 1641&2 kev) to X~= 2150 kev (Sc 52a).
For a list of resonance energies, relative intensities, and
widths one is referred to the original paper. All these res-
onances can be assigned to CP~ because the CP'(p, e)A"
threshold is at E„=6.4 Mev.

The region from threshold to E„=2300kev has also
been surveyed by Brostrom et al. They reported 47
resonances from natural chlorine targets and resonances
at 1928, 1974, 2014, 2028, 2079, and 2108 kev from
targets enriched in CP' (Br 51). The A" yield has been
measured from threshold to E„=6.2 Mev and shows

many incompletely resolved resonances (Bl 51).
For Q values see A'~.

V. CP'(p, n)S'4 Et,=10.2 Q =3.0
Ten resonances in the at.-particle yield are reported

for proton energies between 1450 and 2040 kev. They
are assigned to CP' because the Q value measured by
proportional counter pulse-height analysis (Q =3.2
Mev) agrees with the Q value expected from masses
(Br 51).

VI. CP'(P )A" See Cl"

VII. K"(P+)A" See K"

VIII. K"(y,p)A" Q = —6.5

Not observed.

I. K38(8+)Aas Q~=5.9 Mev

The half-life has been measured as 7.75&0.15 min
(Hu 37), 7.5&0.1 min (He 3/a), 7.65+0.1 min (Ri 37),
7.5 min (Po 37a), 8.0&0.4 min (Hu 43, Hu 42), 7.5 min
(Ra 47), 7.6 min (Pe 48), 7.6 min (Wa 50a), 7.7 min
(Gr 51b), and 7.5 min (Ed 52).

The positron end point is measured by Al absorption
as 2.6+0.1 Mev (He 37a, Hu 37, B146c) and 2.53 Mev
(Ra 47), and by a double-lens spectrometer as 2.8 Mev
(Gr 51b). Moreover, a y ray is present of E,=2.08
&0.08 Mev measured by the Compton electrons from
an Al radiator (Ra 47), or 2.16&0.03 Mev measured
by scintillation spectrometer (Ti 51). A level in A" at
2.15 Mev is also found in the decay of Cl". The K"
P+ decay is allowed (log ft= 5.0).

For theoretical discussions of the K"ground state see
Ku 53, De 53a.

See also K" "General Remarks. "

II. CP'(n, ~)K" Q„=—5.9

Radioactive K" has been produced by this reaction
by many investigators (He 37a, Hu 37, Ri 37, Ra 47)
with E = 7 Mev and higher. The excitation curve for
the bombardment of natural chlorine has been meas-
ured up to 8 Mev (Po 38a).

III. A"(p,e)K" Q = —6.7

Not observed.

IV. KB'(y,n)K'8 Q = —13.2

The threshold is 13.2+0.2 Mev (Mc 49). The cross
section at E~=17.5 Mev is given as 5.4&1.4 mb
(Wa 48) and as 9 mb (Mc 50) and the integrated cross
section as 76-Mev mb (Ed 52). See also Hu 42, Hu 43,
Pe 48. See also I""General Remarks. "

V. K"(n, 2')K" Q„=—13.2

The cross section of this reaction for neutrons pro-
duced by bombardment of I.i with deuterons (E„~&13.8
Mev) is about 9 mb (Wa 50a); for T(d,e) neutrons
(E„=14.5 Mev) 10+5 mb (Pa 53). See also Po 37a,
Co 51.

K4o (d,a)A38

Not observed.

X. K4'(p, n)A"

Not observed.

Q =40

38

(not illustrated)

VI. K"(P,Pe)K'8 Q = —13.2

In the bombardment of KI with 18-Mev protons K"
has been produced (Gr 51b, Ti 51).

VII. Ca~(d, n)K38 Q„=4 5

The ground-state Q value has been measured by mag-
netic analysis (8=90') as 4.650+0.010 Mev (Br 54a).
See also Hu 37.

Adopted mass defect: —17.6 Mev

(This mass defect agrees equally well with the energy
release in KI (P+)A~, as with the threshold of the
K"(y e)KI reaction. )

GENERAI. REMARKS

Recently an 0.95&0.03 sec activity has been ob-
served (St 53b) from the bombardment of potassium
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with betatron p rays. The yield was about equal to
that of the 7.7-min activity for betatron energies be-
tween 16.5 and 31 Mev, The new activity cannot be
assigned to K" because the threshold of the K"(y, 2N)
reaction is about 25 Mev. It is suggested that the new
activity be assigned to the K" ground-state decay,
while the 7.7-min activity belongs to K" . The 1 sec
period was also observed earlier, but it was then as-
signed to K'~ (La 48, Bo 51). If the observed positron
endpoint of 4.57&0.13 Mev (Bo 51) is also assigned to
K" the isomeric state comes out at 0.38&0.3 Mev
above the K" ground state. From the fact that the
P+ transitions from K" to the A" ground state and from

to the J=2+ level in A" at 2.16 Mev are both
allowed (log ft =3.35 and 5.0) while no y transitions are
observed from K" to K", it can be concluded that the
K' spin is J=O+ and the K' ~ spin is J=3+. The K"
ground state is then the 7= 1 analog of the A" ground
state (St 53b, St 53c). See also Mo 53b.

(39

(not illustrated)

Adopted mass defect: —18.8 Mev

(The adopted mass defect is based on the A" mass de-
fect and the Cl" beta-decay energy release. It gives
poor agreement with the A4'(y, p) CP' Q va, lue measured
by Wilkinson et al. (Wi 51).)

I. Cl"(P )A~ Q =3.0
The half-life is given as 55.5&0.2 min (Ha 50a) and

56.5 min (Ru 52b). By analysis of an Al absorption
curve the P decay is shown to proceed through two
branches with the following end points and relative
intensities: 2.96+0.04 Mev (7 percent) and 1.65+0.03
Mev (93 percent). The former transition is forbidden
(log ft=7.6 and log(Wo' —1)ft=9.3), while the latter
is allowed (log ft=5.4). There are y rays of 0.35&0.05
Mev (conversion coetficient~&0. 05), 1.35&0.05 Mev
and possibly 3.2 Mev (0.11 percent). The 1.65 Mev
p branch is in coincidence with y rays a,nd also y —y
coincidences have been observed (Ha 50a).

The Cl" decay can best be explained by assuming A"
levels at 1.33 and perhaps at 1.68 Mev (Nu 53).

~0.1 Mev. A second proton group may be present
leading to a CP' level at about 1 Mev (Wi 51).

Adopted mass defect: —21.8 Mev

(The adopted mass defect is based on the K@ mass de-
fect and the A@ beta-decay energy release. )

I. A"(P-)K" Q„=0.6

The half-life has been measured as 265~30 years by
absolute p counting in a lens spectrometer and mass-
spectrometric analysis of a radioactive argon gas sample
(Ze 52). This is in agreement with measurements of
Haslam et al. (Ha50a) who find the half-life to be
greater than 5 years, and with measurements of Halg
(Ha 51d) who proves that the half-life cannot be be-
tween 1 and 30 min. Formerly half-lives of 4 min
(Po 37a), 160&5 sec (Zu 50), and 145&15 sec (Ho 51)
were assigned to A".

The p spectrum end point is determined by lens-
spectrometer as 565&5 kev. The shape of the spectrum
is first forbidden (07=2, yes) which agrees with the
high ft value (logft=9. 9 and log(WP —1) ft=10.4)
(Br 50b). No y rays are observed (Br 50b, An 52).

The P end point of the 160-sec activity observed by
Zucker and Watson is determined by Al absorption as
about 2.1 Mev (Zu 50).

II. CP'(P )A" See CP'

III. A"(n,y)A" Q„=6.7

The thermal neutron activation cross section is
measured as 0.8+0.2 b (Ka 52a).

4.5
38

A +d-p

Q+ 3.3
2 3g

II S86(n p)CP' Q = —4.5

A 1.1-hr activity has been observed from the bom-
bardment of sulfur by 16-Mev a particles (Ki 39a).

III A40(~ p)CP9 Q 12 1

The threshold for this reaction is reported as 14.2&0.2
Mev (Ha 50a). This value is probably too high because
no correction was applied for penetration of the proton
through the Coulomb barrier. The Q value at E~= 17.6
Mev (Li(p,y) radiation) has also been measured from
proportional counter pulse-height analysis as —10.8

Y ~.65 {9

Q g.ge(7

Q.2
30

K +n-p

2.3
86S ~a-n

K 038
g.68)

1.33
LA

7
Jea y

39

FIG. 32.
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IV. A' (d,P)A" Q =4.S
From bombardments of argon gas enriched to 1.2

percent in A" content with 3.8-Mev deuterons and
proton energy measurement by Al absorption, it is
deduced that the ground-state Q value is smaller than
5 Mev (An 52). See also Zu 50.

V. A4'(y, n)Ass Q = —9.9

A 145&15 sec activity is observed from the bombard-
ment of argon gas with the p rays of a 70-Mev synchro-
tron (Ho 51). The assignment is unknown at present.

VI. K"(n,p)A" Q„=0.2
Radioactive A' is produced by pile irradiation of

potassium (Br 50b, Ze 52). See also Po 37a, Ha 51c.

VII. The following reactions leading to A' have not
been observed:

S"(nn)A" (Q~= —2.3) K"(y p)A" (Q = —77)
K4'(d, n)Ass (Q~=8.4), Ca4'(n n)Ass (Q =0 5)

39

IV. Ass(p y)Kss Q =6.5

A"(d,n)K" Q =4.2

VI. K4'(y, n) K" Q„=—7.9

VII. Ca4'(y, p)Kss Q„=—8.4

VIII. Ca4'(p n)K" Q =0.3

(not illustrated)

Adopted mass defect: —15.7 Mev

(The adopted mass defect is in good agreement with the
observed Ca4'(y, n)Ca" threshold and is about halfway
between the values following from the two determina-
tions of the Ca"(P+) decay energy.

An argument against the adopted mass defect would
be the resulting high ft value for the Ca" decay (log ft
=4.0). A mass defect of —17.1 Mev would yield log ft
=3.5 which is the usual value for super-allowed transi-
tions between mirror nuclei. )

Adopted mass defect: —22.4 Mev (see "Introduction" )

I. A"(P-)K" See A"

6.5
A+p38

3+ 6.7"-2
39

4.2
384 +d-n

II. Ca" (P+)K" See Ca"

No other reactions proceeding to K" have been ob-
served. As K" is the most abundant K isotope (93.1
percent) scattering experiments with protons, neutrons,
deuterons, and alpha's should be feasible. Other reac-
tions which would yield information on excited states
in K" are

III. A" (n p)K" Q = —1.2

I. Cass(P+)Kss Q =6.7
The half-life is given as 1.06+0.03 sec (Hu43),

1.1~0.2 sec (Bo 51), 1.00&0.03 sec (Su 53), and 1.00
0.05 sec (Br 53). The assignment of a 4.5-min period

formerly ascribed to Ca" is unknown at present
(Po 37a, Wa 40).

The end point of the positron spectrum is determined

by scintilla tion spectrometer as 5.13&0.15 Mev
(Bo 51) and by Al absorption as 6.7&0.5 Mev (Br 53).

II. A"(n,n)Ca"

Not observed.

Q = —87

III. K"(p,n)Ca" Q = —7.5

Not observed.

IV. Ca o(&,n) Ca Q.= —1S.9

The threshold is measured as 15.8&0.1 Mev (Su 53),
15.9&0.4 Mev (Mc 49), and as 16.0+0.3 Mev (Be 47a).

The cross section shows a maximum of 15 mb at 19.3
Mev with a half-width of 4.2 Mev. The integrated cross
section is J'odd=69 Mev mb (Su 53).

The cross section for 17.5-Mev p rays from the
Li(p,y) reaction is given as 2.4&0.6 mb (Wa 48) and
1.1 mb (Mc 50).

7 0.6
2 394 p.56s

-1.2
- 364 +Ot.-p

39

FIG. 33.

0.3
42Ca +p-tx

79
40

K +y-n
8.4
4pCa +g-p

4Q

Adopted mass defect: —23.3 Mev (see "Introduction" )

I. CP'(n, p)A4' Q = —1.6

The yield from this reaction at E„=7.45 Mev was
found to be very low, even from targets enriched to
62 percent in CP' content (Kr 53).
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III. K"(E.C.)A" See K~

II. A (p,p')Ao

From proton scattering in argon gas at E„=4.2 Mev
and detection of scattered protons in nuclear emulsions
placed at several angles between 20' and 70' 1 1an, eve s
in A y,re found at 1.5 and 2.4 Mev. The angular d'-e angu ar is-
ri ution of elastically scattered protons follows closely

the Rutherford law (He 47).

The P
—spectrum end point has been measured by an

absorption method as 1.41&0.02 Mev (Hi 46, H' 48),
with scintillation spectrometers as 1.36~0.05 Mev
(Be 50b) and 1.28&0.03 Mev (Go 51c), and with mag-

1.36~0
netic spectrometers as 1.35~0.05 M 'D

&0.03 (enriched sample) (Al 50c) and 1.325+0.015
Mev (Fe52). See also He47a, Fr48a, Bo48, A149c,
F149, Sm 50, De 51a. The shape of the spectrum is
third forbidden (Wu 50, A150c Be50b G 51 F 5,

a b) m agreement with the spin values 7=4 of K"
a . e og yt value(Za41, Da49b) and J=O of Ca". Th l l

For theoretical discussions of the K" spin sec Ku 53spin sec u

A p ray occurs in the decay. Its energy has been
measured by absorption methods as 1.55&0.05 Mev
(G147) and 1.54+0.1 Mev (Hi48, Hi46), and by
scintillation spectrometer as 1.47&0.03 Mev (Pr 50),

.46+0.04 Mev (Be 50c), 1.462+0.01 Mev (Be 50d),
1.48+0.02 Mev (Ho 50b) and 1.459&0.007 Mev
(Go 51a). See also Be 31, Ce 49.

The number of p rays emitted per g potassium per sec
is 3.6+0.8 (Gl 47), 3.3 (Ah 48), 3.6+0.3 (Sa 49a,
Co 51a), 3.0 (Sp 50), 3.6+0.4 (Fa 50), 3.1+0.3

IV. Other reactions (all unobserved) leading to A4' are:

K"(N,p)A" (Q„=2.2), K"(y,p)A" (Q = —7.8), and
Caa(tt, n)A4' (Q =2.4).

40

Adopted mass defect: —21.9 Mev

(This mass defect derived from mass spectrometer
data (see "Introduction" ) is in good agreement with the
measured Q values of K"(tt,y)K" K"(d p)K" d

~ ~

an
&~+~~jCa and is in reasonable agreement with the

Q values of K"(E.C.)A" and A"(p,l)K".)

I. K4'(E.C.)A4' Q =1.4 Mev
K4'(P )Ca4' Q„=1.3 Mev

The total half-life of K" is determined by the number
of P 's emitted per g K, the isotopic concentration of the
investigated sample and the branching ratio of electron
capture over P emission.

The number of P particles emitted per sec per g K
has been measured as 23 (Mu 30), 26+5 (Br 38b),
26.8&1.2 (Gr 48), 33.5+5.7 (Hi 48), 30.6+2.0 (St 49),
30.5 (Sp 50), 27.1&1.5 (Ho 50a), 31.2&3.0 (Fa 50),
28.3&1.0 (Sa 50a), 22.5&0.7 (Sm 50), 27.1&0.6
(Go51c), and 32.0&3 (De 51). The average value

p-=27.6 yields a decay constant ) p-=4.72)&10 "
yr 'anda P decay half-life r=14.6)&10'yr, based on a
natural isotopic concentration of 1.19&(10 K" in
potassium (Ni 50, Re 52a). Measurements with en-
riched targets agree with these values, but have less
precision, as the isotopic concentration is not known
accurately enough (Bo 48, Fl 49, Sa 50a).

En ii

056 p4g0.43
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0.160.11 p'p7
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(Ho 50a), and 3.37+0.09 (Bu 53). The average 3.4
amounts to 0.123 y rays per P decay. Direct measure-
ments of this ratio are 0.03 (Gr34), 0.087&0.012
(Hi48), 0.05 (F149), and 0.05 (8m 50). No other
y rays are present in a relative intensity of 10 percent
or more (Ho 50b).

As the &-ray energy is larger than the mass-spectro-
scopic I"—Ca" mass difkrence, the p ray evidently
belongs to the electron capture branch in the decay and
not to K"(P )Ca". An upper limit of P—y coincidences
is 1 percent of the number of P's (Me 47a) or 0.6 percent
(Ho 50a).

The sequence of E capture and y ray has been
demonstrated by coincidences between p rays and
Auger electrons (Pa 52a, Pa 52b).

The branching ratio (number of electron captures
over number of electron emissions) has been the subject
of many investigations, as early measurements indicated
a total half-life of K" in conQict with geophysical con-
siderations.

Results with screen-wall counters or other 6-M
counters specially devised to this purpose are JV x/1Vs
=1.9+0.4 (Bl 47a), &0.5 (Ho 50a), 0.135+0.040
(Sa 50a), ~&0.2 (Gr 51c, Gr 50d) and ~&0.1 (Ce 51,
Ce 50). Measurements of the amount of argon in

potassium containing minerals of known age lead to
Ãx/Xs &0.1 (Ha 47, S-u 48), 0.7 (Bo 48) and 1.4+0.2
(Ah 48). Mass spectrometer studies of the K", A" and
Ca4' content in minerals lead to 1Vlr/lVs-—-0.04 (Al 48e),
0.126&0.005 (In 50), 0.058 (Mo 52b), and 0.060&0.006
(Ru 53). The high values result in a short total half-life,
which has to be rejected on geophysical and geochemical
evidence.

There is no evidence for E capture proceeding di-

rectly to the ground state of A".According to the energy
available in this decay positron emission would com-

pete with electron capture. Search for positrons results
in the following relative intensities: Xs+/cVx&0. 01 (Be
50c), 1Vs+/)Us-&2X10 ' (Be 50d), 1Vs+/1Vs-&6)(1M
(Co 51a) and Ep+/IVx=0. 01 (Go 51b). In view of these
data it seems probable, that every electron capture is
followed by a y ray of 1.46 Mev.

The large spread in the experimental values of the
branching ratio opposes a definite conclusion, but a
lower limit of 0.05 and an upper limit of 0.14 are above
dispute. In view of the 1V~/cVs- results a subjective
preference to 0.12 is given. This leads to a decay con-
stantXx=0. 57&&10 "yr 'andX=Xs-+Ax ——5.29&(10-"
yr ' or a total half-life of j..31&10'yr.

See also Sm 37, Gr 48a, Fi 49, Rh 50, Mo 51a, Ho
53f.

II. CP"(n,n)K" Q = —3.8
The threshold has been determined at 8 =6.7&0.6

Mev (Po 37c) and the excitation curve up to Z =8.6
Mev has been measured (Po 38a).

IV. K"(n,y)K" Q =7.9
The thermal neutron absorption cross section of

isotopic K39 has been measured by pile-oscillator as
1.87+0.15 b (Po 52a). For natural potassium values
are given of 1.89&0.06 b (Co 50), 2.11+0.1 b (Ha 50),
and 2.05&0.1 b (Po 51). See also I.a 40, Uo 43, Ha 49.

The gamma rays from thermal neutron capture have
been investigated by pair spectrometer and are listed
in Table XLVII. The assignment of y rays A" and A'

TABS.z XLUlI. Gamma rays from thermal neutron capture
in potassium (Ki 52, Br 52b, Ba 53b).

y ray

B
C
D
p
p
p/
F/. /.

G
Q/

H
l
J
E
I.

Energy (Mev)

9.39 &0.06
8.45 &0.02
7.757&0.008
7.34 &0.02
6.994&0.007
6.31 +0.06
5.740+0.012
5.66 +0.02
5.50 &0.02
5.38 ~0.03
5.18 +0.02
5.06 &0.02
4.39 +0.03
4,18 +0.05
3.92 +0.05
3.67 ~0.05

2.80
2.03
1.61
1.19
0.77

Intensity in
photons per
100 captures

0.02
0.1
3.5
0.1
1.3
0.3
6

2.5
6
2
3
4

(6)
(s)
(8)

Assignment
(final

nucleus)

K41
41

K40
K~
K4'

K40

K40
K40
K4'
K40
K40
K4'

K40

K40

to capture in K" is based on experiments with K" en-
riched potassium, The y ray C is produced in the ground-
state transition K4'(n, y)K4'.

The y ray 8 is the transition from the capturing state
to the 32-kev level in K". Its high intensity is well ex-
plained by an Ei transition, which would give the 32-kev
level J~&3 . Gamma rays D and F are transitions to
the 0.80- and 2.01-Mev levels in K".The assignment of
the other p rays is less certain. The intensities in Table
XLVII of lines 2" to I are from Ba 53, of J, E, and I
from Ki 52 and should be corrected before being com-
pared to the others (Ba 53b, Ki 52). See also Ku49,
Ha 52b.

Five low-energy p rays have been found by a two-
crystal scintillation spectrometer (Br 53b) and are also
listed in Table XLVII.

V. K"(e,n)K" Es ——7.9

Maxima in the neutron cross section have been found
by transmission measurements at 8„=70, 110, 160, 305,

III. A"(P,e)K" Q„=—2.2

A threshold of E„=2.4 Mev has been observed
(Ri 48).
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360, 430, 490, and 560 kev. The spread in the neutron
energy was 15 kev. The highest value of the cross sec-
tion was 3.7 b at 70 and 305 kev, between the maxima
the cross section was ~& 2 b (Pe 50b). The cross section
at S„=2.46 Mev is 3.44&0.18 b, at 2.88 Mev: 3.13
+0.15 b (Zi 39) and at 14 Mev: 2.24&0.04 b (Co 52a).
See also Ao 39, Ad 50.

VI. K"(d,p)K4' Q =5.6
With an enriched (96.5 percent K") target and

E =3.9 Mev eight proton groups have been found by
an Al absorption method (Sa 50). They are listed in
Table XLVIII. The first three groups had been ob-
served before (Po 40a).

Adopted mass defect: —23.2 Mev (see "Introduction" )

I. Koo(d, e)Ca4o

Not observed.

Q„6.2

intensities (computed from the proton momentum
spectrum given in Bu 53a) are 9, 7.9, 6.0, and 9.7. This
would agree best with the relative intensities 9, 7, 5,
and 11, to be expected for a spin order 4, 3,2, and 5 .
Intense y rays (probably Z1 radiation) from thermal
neutron capture in K" are only observed to the 32 and
800 kev excited states (Ba 53b) which agrees with the
assignment given (En 53a).

TABLE XLVIII. Q valaes and levels from K|9(d,p)K4o.

Author
Energy

measure-
ment

]VAN

(Mev)

Po 40a

Absorp-
tion

3.3
Q value
(Mev)

Sa 50

Absorption

3.9
Q value
(Mev)

Level
(Mev)

Bu 53a

Magnetic analysis

4.76 to 5.65
Q value Level

(Mev) (Mev)

5.6~0.3 5.48 ~0.08

4.5 ~0.3 4.67 +0.09

3.4 +0.3 3.47 +0.09
2.92 ~0.20
2.2 &0.2
1.8 &0.1

(1.3 ~0.2)
0.7 &0.1

~ ~ ~ 5.576 +0.020
5.544 +0.020 0.032 %0.002

0.81 +0.03 4.776 +0.020 0.800&0.020
4.683 +0.010 0.893&0.020

2.01+0.03
2.56 ~0.05
3.3 ~0.1
3.7 +0.2

(4.2 ~0.1)
4.8 +0.1

VII. K4'(y, N)K~ Q = —10.0

Not observed.

Sy high resolution magnetic analysis the ground-state

Q value is determined as 5.576+0.010 Mev and three
other levels are measured accurately (Bu 53a). See
Table XLUIII.

II K4o(P-)Ca4o See K '

III. K4o(P,e)Ca Q =0.5
Not observed.

IV. Ca4'(p, p') Ca4'

From inelastic proton scattering at E„=7.7 Mev and
energy determination by Al absorption a Ca4o level is
found. at 3.8 Mev. The angular distribution of inelasti-
cally scattered protons is nearly isotropic (Ha 52c).
From inelastic proton scattering at proton energies
between 6 and 8 Mev and magnetic analysis levels
in Ca4' are found at 3.348, 3.731, 3.900, and 4.481 Mev,
all &10 kev, and at (5.20), 5.24, 5.27, (5.60), (5.62),
(5.90), and (6.03) Mev, all &20 kev (Br 53d, Br 53e).

The proton group leading to the 5.20-Mev level has

t4.7
s 40

VIII. Ca4o(e,P)K~ Q = —0.5

Not observed.

(6.03)
K +d-n

(5,6p)r
-===== = ===

524
(s.2o)

IX. Ca4'(p, n)K~

Not observed.

Q =02 4.48

3.90

GENERAL REMARKS

The shell model would predict in K" low-lying states
with J=2, 3, 4 and 5 resulting from a d~ proton
and fr~s neutron. The K4' spin has been experimentally
determined as J=4. The excited states at 32, 800, and
893 kev may be the other three members of this quad-
ruplet. The proper spin order may in principle be
deduced from the relative intensities of the four proton
groups from the K"(d,p)K4' reaction observed at
Eq ——5.16 Mev and 8=90'. In 6rst approximation the
differential cross section would be the same (1„3)
apart from a factor (2Jy+1). The experimental relative

E.C
{&&g)

3.73
3.35

+J=O

40
CQ

FIG. 36.

0.5
K +p-n

C& +p
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recently been shown to be due to some tar et im 't
(Br 54a).

e arge impurity TABLE XLIX. Beta decav of A".

Author Method Bp, (Mev) B&, (Mev) By (Mev)

V. Sc4'(P+) Ca4' Q„=14.7

Recently Sc~ has been discovered from the
Ca4'(P, e)Sc4e reaction. The half-life is 0.22&0.03 sec.
The threshold of the Ca"(p,e) reaction is at E~=15.9
~1.0 Mev, which Axes the mass defect of Sc"as —0.5
Mev. The maximum positron energy is 9.0&0.4 Mev
and a p ray of 3.75%0.04 Mev has been found from the
Sc~(P+)Ca4' decay by scintillation spectrometer. No
delayed heavy particles have been detected (Ri 53,
Gl 53a).

I. A4t(P-)K4' Q„=2.5
The half-life is given as 110&1min (Sn 36, Ka 52a),

109.4&1 min (Bl 46a), and 107&3 min (Br 50c).
The P decay proceeds by two branches. The ground-

state transition is very weak and evidently forbidden

3.4 7,2 , En

Adopted mass defect: —21.0 Mev

(The adopted mass defect gives good agreement both
with the observed A4' decay energy and with the Q
value measured for the A" (d,p)A" ground-state transi-
tion.

Sn 36
Ku 36
Ri 36
Bl 46a
Br 50c

Al abs.
cl. chamber
cl. chamber
Al abs.
spectrom.

1.1
1.5

2 55'aO 2 (0 7%) 1 18 aO O5 (99 3%)
1.245 +0.005

1.37~0.06
1.3 ~0.2

(log f1=8.6 and log(We' —1) f1=10.1).The intense low-

energy branch is in coincidence with a y ray (Bl 46a).
eterminations of energies and intensities are collected

point found from cloud-chamber measurements might
e explained by the presence of CP' contamination (Ku

36, Bl 46a). The Kurie plot of the low-energy P transi-
tion is straight down to 160 kev. Also the ft value agrees
with an allowed transition (log ft= 5.1). No y ray con-
version electrons are found (Br 50c). By P—y delayed
coincidence measurements the half-life of the 1.3-Mev
level in K" is established as (6.7+0.5)X10 ' sec
(El 52a) and 6.6X10 9 sec (En 53), which agrees with
the theoretical value for M2 transitions.

See also Wu 50.

II. A4'(e y)A4' Q =6.1
The thermal neutron absorption cross section is

0.62&0.04 b (Co 50) and the thermal neutron activa-
tion cross section is 0.53&0.03 b (Ka 52a). For 6ssion
neutrons (E„=1Mev) the activation cross section is
0.93 mb (Hu 53a .

6.l
404 +n-

3.8
40

A +d-p

4.01
3.69
3.29

2.80

2.27
l.94

1.34
1.21

1+Jm—2

Many (n, n)
Resonances

6.1
40

A +n

III. A4'(e, e)A4' Eg=6.1

Thhe argon total neutron cross section has been
measured with Li(p, n) neutrons from 0.4 to 1.1 Mev
with 2 tv resolution. The nonresonant total cross sec-
tion is about 0.7 b. There are resonances of about 3.5 b
at E„=580, 600, and 740 kev and many smaller partly
unresolved resonances (Gu 53). There are no resonances
beneath 3 kev (Ad 50).

IV. A4'(d p)A4' Q =38
Several proton groups have been observed in the

deuteron bombardment of argon. Their Q values and
corresponding A4' levels are collected in Table L. The

TABLE L. Reaction A~(d, P)A4'.

1.7
K +n-p

29
Ca +n- cg,

S 7

41

FXG. 37.

3%)

t ta7 7J

Author Da 40 Da 49a
Z~ (Mev) 2.4 3.4
Method Al abs. Al abs.

Q values Q values
(Me v) (Mev)

4.37 3.84+0.03
3.01 3.18&0.05

2.63&0.04
2.23 2.50+0.04

1.90%0.04
1.57+0.05
1.04&0.05
0.55+0.03
0.15&0.05—0.17+0.05

Sa 49
3.9

Al abs.
Q values

(Mev)

3.80~0.06

Gi 52
7.8

Nucl. emuls.
Q values

(Mev)

3.90%0.08
3.40&0.08

2.56+0.08

Da 49a

A41 levels

0
0.66
1.21
2.34
1.94
2.27
2.80
3,29
3.69
4.01
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angular distribution of the ground-state group at
8&=7.8 Mev, as measured by nuclear-emulsion tech-

A4' ground state as (5/2 or 7/2) . e pro on
leading to ed' t th 1 34-Mev level corresponds to l„=0
(J= i~+) or perhaps t„=1 (Gi 52).

The yield of radioactive A" has been measured up to
Eq=5.1 Mev (Sn 36).

IV. K4'(N, p)A4' Q„=—1.7

Awea . - rac' '
k 1 8-h tivity has been observed from potas-

sium bombarded by fast neutrons (Hu 37, Po 3 a).
cross section at E„=14.5 Mev is 81&32 mb (Pa 53).

V. Ca~(e,n)A4' Q = —2.9

Not observed.

41

tons with two proportional counters, separated by
b' f ils in coincidence. The ground-state Q

and levelsvalue has been measured as 5.97~0.25 Mev an ev
are observed at 1.34~0.15 Mev, 3.10 Mev and 4.40 Mev

IV. A4'(P )K4' See A4'

V. K~(N, y)K4' Q =10.0
The thermal neutron absorption cross section of

isotopic measureK." red by the pile-oscillator method is
66+20 b (Po 52a).

A" and 3' of Table XLVII produced by
d K

account of their energies and from experiments wit
'

h d
' K".If originating from the capturing

state, they would proceed to K4' levels at 0. an
Mev (Ba 53b, Ki 52).

Q„=7.7

VII. Ca4'(E C )K" See Ca4'

f:—23.5 Mev (see "Introduction" ) VI. K40(d,p)K4'Adopted mass defect: — . ev

Not observe .I. A"(n,p)K4' Q = —4.0

Not observed.

1050
0.4

1235 kev
0.5

Ey .
Rel. int.

III. A~(d, n)K4' Q =5.5
Neutrons from the bombardment of argon with 3.2

Mev deuterons have been detected by their recoil pro-

EPn
1.235
1.10
1.OB
1.05
0.90

7.8
A +p-y

(5 7) 2.5

t

J. l

I

I
)

l
)

)
)
I

I

ill
l

l
I

I
I
I
I

I I

I

I

I
I

)

(1 55) I I

44

3,1

1.245

10.0
K"'+n-g

32

7.7

K +d-p

II. A4'(p, y)K4' Q =7.8
Thin tar ets enriched in A" content have been bom-

b d d 'th protons from 0.5 to 1.8 Mev. Resonances inar e wi
the y-ray yield have been found (Br a, a

900 1080 1100
0.2 0.5 1.0

VIII. Ca~(y, p)K4' Q„=—10.2

Not observed.

IX. Ca~(p, n)K4'

Not observed.

Q = —12

Ca4i

Adopted mass defect: —23.1 Mev

(The adopted mass defect gives good agreement with
the observe, ed K4'(i e)Ca4' threshold and with the
measured Q value of the Ca"(d,p) Ca4' reaction. )

I. Ca4i(E C )K4' Qm=-0. 4

he half-life has been calculated from proportional
coun er mter measurements of the intensity of the potassium

Br 53f). If the Ca" thermal neutron capture cross

life is equal to (1.1&0.3)&&10' years. The log ft value

the half-life is con-From analogous measurements e a - '

d d b t least several months (Sa51a . The
4' a40 isassignment of a half-life of 8.5 days to Ca (Wa )

'

incorrect (Ov 47, Se 47).

1.2
Ca +p-ot!

4.0
$ 38
A +Dc-p

1.37 t-
(o-6)-

Fzo, 38.

Ca

10.2
42Ca +)-p

11. K"(p,~)ca" Q„=—1.2

The threshold for neutron emission
'
is at E =1.25

&0.02 Mev (Ri 50). See Ca" for resonances.

III. Ca~(e,y)Ca4' Q =8.3
From samp es enric e inh d in Ca" content the thermal

neutron a sorp ion crob t ss section has been measured by
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6.1
C8 +d 572

4.76

385 3i9~ i

3+73 36Q
296~
Z.89, 247, ,

2.01,
1,95

1.0
Many
{n,n) rcsonanccs

r Q I Q
Ca +n

8.1 tg tn

'.
16

8.8
4'+p

d-0 59
S 41

-2m 02

A recalculated value for the intensity of y ray C is 80
photons and of y ray D 12 photons per 100 captures in
Ca4o (Ki 53e). See also Sa 51a, Br 51a, Ha 52b.

IV. Ca4o(e, N) Ca4o E&=8.3
For the calcium total neutron cross section see Adair

(Ad 50). Many incompletely resolved resonances are
found in the region from 30 up to 1000 kev. The cross
section at E„=14 Mev is 3.19&0.04 b (Co 52a).

V. Ca4'(d, p)Ca4' Q =6.1
In Table LII are' collected Q values and correspond-

ing Ca" levels from the Ca"(d,p) Ca4' reaction. Natural
calcium targets were used in all these investigations.
Only the intense groups found by magnetic analysis
have been indicated in the Ca4' level diagram.

Ep~ 125
-1.2
41

K +p-n

41
Ca

Fzo. 39.

OA
K41

5.2
f 384 +os-n

-11.4
42

Ca +g-n

g+Je
2

Author Da 39
Bd (Mev) 3.1
Method A1 abs.
Ground-state 6.30
Q vaIue (Mev)

Sa 49
3.9

AI abs.
6.17~0.05

Ho 53e
8.23

A1 abs.
6.14~O.OS

TABLE LII. Ca4 (d,p)Ca" reaction.

Br S3e, Br S4
2.5-7.0

Magn. ana1y'sis
6.140&0.010

TABLE LI. Thermal neutron capture y rays in
natural calcium (Ki 52).

y ray

A
8
C

IJI

Energy in Mev

7.83+0,05
(.43~0.05
6.42&0.03
5.89&0.03
5.66~0.06
5.49&0.05
4.95&0.03
4.76&0.03
4.45&0.05
3.62+0.05

Intensity in photons
per 100 captures

1
1.4

83
11
3

8
6

30
16

pile oscillator as 0.22+0.04 b (Po 52a). For natural
calcium values are given of 0.37&0.04 b (Co46a),
0.40&0.02 b (Co 50), 0.43&0.02 b (Ha 50), and
0.41+0.02 b (Po 51). See also Vo 43, Se 47.

Gamma-ray energies and intensities from therma1
neutron capture in natural calcium measured by pair-
spectrometer are listed in Table LI (Ki 52). Gamma
rays C, D, F, I, and J check well with transitions from
the capturing state to known levels in Ca". Gamma ray
I. could well represent a transition from the 3.62 Mev
level to ground. The assignment of the other p rays is
as yet unknown. The intensities of y rays C and D
characterize them as E1 transitions, and the spins and
Parities of the 1.95 and 2.47 Mev levels as oror oo

(Ki 53e). See also Reaction V.
Kith a two-crystal scintillation spectrometer a y ray

of 1.93 Mev has been observed (Br 53b). It represents
the transition from the 6rst excited state in Ca" to
ground.

Ca" IeveIs
(Mev)

0 0 0
1.79 1.95&0.07 1.9 %0.05

2.41+0.07 2.42+0.05

(3.0 +0.1)
2.9 ~0.1

(3.3 a0.1)

(3.3 &0.1)

(3.'7 a0.1)
3.86+0.07

3.6 +0.1

3.96+0.05
4.76&0.08
5.72+0.08

0
1.947&0.010
2.015+0.010
2.469&0.010
2.582&0.010
2.611&0.010
2.675&0.010
2.890~0.010
2.967~0.010
3.056+0.010
3.200+0.010
3.3.74&0.010
3.401+0.010
3.499+0.010
3.529+0.010
3.620+0.010
3.737+0.010
3.855+0.010
3.950+0.010

Angular distributions of six proton groups have been
measured. From Butler analysis 1„=3 (5=5/2 or
7/2 ) is found for the ground-state group, /„=1 (7=-,'
or oo ) for transitions to one or both of the doublet levels
near 2.0 Mev and to the 2.42-Mev level, and 1„=2
(J=oo+ or 5/2+) for transitions to the levels at 3.96,
4.76, and 5.72 Mev. Shell-model assignments are dis-
cussed from these data and from the measured neutron
capture probabilities (Ho 53c).

VI. Sc4'(P+)Ca4' Q„=5.9

Radioactive Sc" has been produced by the
Ca~(d, n)Sc4' reaction at Eq=8 Mev. The half-life is
0.87+0.03 sec and the end point of the P+ spectrum is
measured by cloud chamber as 4.94&0.07 Mev (El 41).
A recent measurement of the half-life yields 0.873 sec
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(Ma 52a). The log ft value is 3.4 in agreement with
other super-allowed transitions between mirror nuclei.

VII. Not observed are the reactions A" (u,e)Ca"
(Q = —5.2), K"(p,y)Ca" (Q„=8.8), K"(d,e)Ca"
(Q =6.6) and Ca42(y, e)Ca4' (Q„=—11.4).

(not illustrated)

This nucleus has been produced by successive cap-
ture of two neutrons in A" in a nuclear reactor. Its
presence was detected by observation of the 12.5 hr K4'

daughter activity in milkings from the irradiated argon
gas. From the fact that the milkings over a period of
400 days did not show a decrease in activity of more
than 20 percent, it is concluded that the half life of A4'

is longer than 3.5 yr and that the thermal neutron ac-
tivation cross section of A4' is larger than 0.06 b
(Ka 52a).

7.4
K '+n-1

-2.8
Ca ~n-p

-10.8
4SCa+ -p

2.29
1.97

1.18

0.62

42

. 3.g
0 . +d-R

0.6
45Sc +n-~

1+1 J=2

|iJ~O+

( 42

Adopted mass defect: —22.5 Mev

(The adopted mass defect is in agreement with the K4'

P decay energy and with the Q values measured for the
K4" (N,y)K4' and K4'(d p)K4' rea, ctions. )

Author

Ku 36
Bl 47

Method

cl. chamber
Al abs.

Si 47 spectrom.

Si 47a P=y coinc.
spectrom.

scint. spectrom.

Ep, (Mev)

4.4
3.50&0.12

(7o%)
3.58&0.07

(75%)

Ep, (Mev)

1.4
2.1 and 1.4

(30%)
2.04

(25%)
1.92

(&6%)

E~ (Mev)

1.51

1.51
(20m t)%

I K4'(P-)Ca~ Q„=3.6
The half-life is given as 12.2&0.2 hr (Wa 37),

12.4&0.2 hr (Hu 37), 12.44&0.10 hr (Si 47), 12.5+0.2
hr (Si 51), 12.44&0.08 hr (Ka 53), and 12.516+0.007
hr (Bu 53). See also Am 35, He 35a.

The P spectrum is complex. Measurements of the
P spectrum end points and the y-ray energy are col-
lected in Table LIII.

The shape of the high-energy P spectrum and its ft
value (log ft=7.9 and log(W02 —1)ft=9.7) are in agree-
ment with a 6J=2, yes, assignment which characterizes
K4' as J= 2 (Si 47, Sh 49). A direct measurement by
magnetic resonance in an atomic beam yields also
J= 2 (Be 53). An assignment of J= 2+ to the 1.51-Mev
level in Ca4' is in agreement with the ft value of the low-

energy P branch (Sh49) (log ft=7.5) and with the
measured P —y angular correlation (Be 50a, St 51c).

No polarization of the p rays emitted under an angle

TAar, z LIII. Decay of K~.

Fio. 40.

« the 90' with the p rays has been found, although
some polarization is predicted from the measured p —y
angular correlation (Ha 53b).

For a theoretical discussion of the K4' spin see De 53a.

II. A4'(n, pn)K4' Q„=—13.1

Radioactive K4' has been found from the bombard-
ment of argon with 40-Mev a particles (Ov 47, Ov 49).

III. K4'(I y)K4' Q =7.4
The thermal neutron absorption cross section of iso-

topic K4' is measured by pile oscillator as 1.19+0.09 b
(Po 52a). From the activation of natural potassium
samples the thermal neutron activation cross section is
measured as =1.4 b (Ra 40), =1.5 b (On 41), 0.7 b
(Si 41a), and 1.0&0.2 b (Se 47). At E„=1Mev (6ssion
neutrons) the activation cross section is 2.9 mb (Hu 49,
Hu 53a).

Energies of thermal neutron capture y rays have been
measured by pair spectrometer (see Table XLVII).
One weak y ray (line C) of 8~= 7.34&0.02 Mev could
well correspond to the ground-state transition in K4'

after capture in K".The intensity is 0.1 photon per 100
captures in natural potassium (Ba 53b, Ki 52). See
also Br 53b.

IV. K4'(d p)K4' Q =5.1
From deuteron bombardments (at Eq=3.9 Mev) of

potassium targets enriched to 87 percent in K" content
and range measurements of the resulting protons the
following Q values have been found. : 5.12&0.10, 4.50
~0.12, 3.94&0.12, 3.15~0.18, and 2.83&0.12 Mev
corresponding to the K~ ground state and levels at
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0.62&0.07, 1.18&0.07, 1.97&0.15, and 2.29&0.07 Mev
(Sa 50).

See also Po 40a, Cl 46a.

V. Ca4'(n, p)K4' Q = —2.8

Radioactive K4' has been found from the fast neutron
bombardment of calcium (He 35a, Wa 37, Hu 37). The
cross section for Be(d,n) neutrons (E~=15 Mev) is
120&12 mb (Co 51).

VI. Ca" (y,p)K" Q

Not observed.

VII. Ca'4(d a)K42 Q =3 9

A weak K4' activity is found from the deuteron bom-
bardment of calcium (Wa 37).

VIII. Sc"(n,n)K4' Q = —0.6

Radioactive K4' has been found from the fast neutron
bombardment of scandium (Am 35, He35a, Hu37,
Wa 37d, Po 38, Wa 40a).

protons Q values have been found of —0.89, —2.3, and
—3.5 Mev, corresponding to Ca4' levels at 3.2 and 4.4
Mev (Po 36a, Li 37).

Recently the ground-state Q value has been re-
measured by bombardments with cyclotron o, particles
of E =7.8 Mev and range measurements yielding
Qo ———0.18 Mev. Several Ca4' levels might be present
below E,=4 Mev (Sc 53a).

II. K4'(p, n)Ca4' Et, 10.2=Q~= —1.2

Incompletely resolved resonances are found between
threshold (E~=1.25+0.02 Mev) and E„=3.5 Mev at
1.60, 1.90, 2.24, 2.46, 2,60, 2.80, 2.96, and 3.12 Mev
(Br 50d, Ri 50).

III. K4'(P )Ca4' See K4'

IU. The following reactions leading to Ca4' have not
observed: K4'(p, y) Ca4' (Q = 10.2), K4'(d, n) Ca"
(Q„=8.0), Ca4'(y, n) Ca4' (Q = —8.0) Sc4'(P+) Ca4'

and Sc4'(p,n)Ca4' (Q =2.2).

Ca 42

Adopted mass defect: —26.1 Mev (see "Introduction" ).

I. K39(n,p)Ca4' Q = —0.3

From bombardments of natural potassium by ThC'
0, particles and range measurements of the resulting

)l Ep

3.l 2—286 280—2.60
2A6

—1.90
1.60

(not illustrated)

Adopted mass defect: —24.9 Mev

(The adopted mass defect is based on the observed
K4'(P )Ca4' decay energy. )

I. K4'(P )Ca4' Q„=0.8
The half-life is given as 22.4 hr (Ov 49) and 21.5 hr

(Ru 52b). The P decay is complex. By magnetic spec-
trometer two branches are found with end points of
0.81 and 0.24 Mev. There is a p ray with E~=0.4 Mev
as measured by Al absorption (Ov 49).

8.4
Ca +f1

10.2
K +p

8.0
41

K +d-n

II. A4'(n p)K43 Q = —2.4

Radioactive potassium with a half-life of 22.4 hr has
been separated chemically from argon gas irradiated by
40-Mev a particles (Ov 49). No protons were observed
from the bombardment of argon gas by ThC' e particles
(Po 37).

J - 36
K

42

4.4

3.2

1.51

ThC'

22
Sc +p-~45

III. Ca43(n, p)K48 Q„=0.0
Not observed.

IV. Ca~(y, p) K4' Q„=—11.4
Not observed.

+8 43

Adopted mass defect: —25.7 Mev (see "Introduction" )

8.0
'ca':(-~' Ca42

FIG. 4i.

0.3
39

K +g-p
I. A~(n, n)Ca4' Q = —2.4

Several neutron groups are observed from the bom-
bardment of argon with ThC' n particles and detection
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8.0
42Ca +n-

ThC

7.9
SC W-OC

.8
+cl-p

The P+ decay of Sc4' is complex. Observed P+ spec-
trum end points, relative intensities, and energies of
y rays are collected in Table LIV. Both P+ transitions
are allowed; log ft=5.1 for the 1.18 Mev branch and
log ft=4 7fo.r the 0.77-Mev branch.

Several observers (Wa 40a, Hi 45, Pe 46, Ha 52d)
report also a y ray of about 1.1 Mev but this y ray has
to be assigned probably to the Sc44 decay (Ha 52d,
Nu 53). In recent measurements its intensity is found
to be lower than 5 percent (Nu 53).

The spin of Ca4~ has been measured by magnetic
resonance as 7=7/2 (Je 53).

0.8
K4'

0.3
46

Tl +A-O'.

24
40

A +ot'.-n

0.375 / '

FiG. 42.

-2m c2

1).4
Ca +g-n

VI. Ca44(y, e)Ca4' Q = —11.4

The maximum cross section measured by the neutron
yield is four times that of the Ca4'(p, e)Ca" reaction
(Go 54a).

VII. The following reactions leading to Ca" have not
been observed: K"(n,p)Ca43 (Q = —0.2), Sc"(d,a)Ca"
(Q =7.9)& and Ti4'(n, n)Ca4' (Q = —0.3).

of neutrons with a BF3 ionization chamber. The Q value
corresponding to the most energetic neutrons is given
as —5.6&1.0 Mev (Po 38a, Po 37c). For resonances
see Ca44.

II. K4'(P-) Ca4' See K"

III. Ca4'(e, y) Ca4' Q„=8.0

The thermal neutron absorption cross section meas-
ured by pile oscillator from samples enriched in Ca4'

is 39.7+3.2 b (Po 52a).

IV. Ca4'(d p)Ca~ Q =5.8
At proton energies up to 6 Mev the ground-state

Q value has been measured by magnetic analysis
(8=90') using enriched targets as Q =5.70&0.02 Mev
(Br 53e). Levels in Ca4' are found at 0.38, 0.61, 1.00,
and 1.40 Mev, all &0.02 Mev (Br 54a).

Author Method &p,+ (Mev) &p,+ (Me~) P& (Mev)

Wa 37a
Wa 40a
Hi45, B146c
Hi 45
Sm 42, Br 50e
Ha 52d

Nu 53

cl. chamber
Al abs.
Al abs.
spectrom.
spectrom.
spectrom.

scint. spectrom.

1.38
1.4 ~0.1
1.22 ~0.05
1.11~0.05
1.15
1.18+0.02

(72%)
0.77 +0.04 0.375~0.002

(28%)
0.375 ~0.004

(25 ~2)%

V. Sc~(P+)Ca4' Q =2.2
The half-life is given as 4.4 hr (Fr 35), 4.0&0.1 hr

(Wa 37, Wa 37a, Wa 40a), 4.4 hr (Sa 38), 3.92&0.02 hr
(Hi 45), 3.9 hr (Ha 52d), and 3.95 hr (Du 53). See also
Ba 51.

TABLE LIV. Positron decay of Sc".

(not illustrated)

From calcium targets bombarded by fast neutrons a
potassium activity of 18&1. min half-life was chemi-
cally separated. This may be K44 produced from the
Ca44(e, p)K'4 reaction (Wa 37b, Wa 40). See also Hu 43b.

Ca

Adopted mass defect: —28.7 Mev (see "Introduction" )

I. K~(P )Ca~ See K~

I. Sc~(P+,E.C.)Ca4' Q„=3.6
The half-life is given as 4 hr (Po 37a, Po 37b, Co 38,

Bo 39), 4.0+0.1 hr (Wa 37, Wa 37d, Br 50e), 4.1&0.1
hr (Wa 37a, Wa 40a), and 3.92+0.03 hr (Hi 45). See
also Ge 38.

There exists also an isomeric state (Sc44 ) decaying to
the Sc44 ground state through a 270-kev p ray with a
half-life which has been measured as 48 hr (Po 37a),
52 hr (Po 37b), 52&2 hr (Wa 37, Wa 37a, Wa 37d,
Wa 40a), 58.6&0.7 hr (Hi 45, Ba 51), and 57&2 hr
(Br 50e).

The Sc~ ground state decays through P+ emission
followed by a p ray of about 1.1 Mev. Measurements of
the positron spectrum end point and energies of p rays
are collected in Table LV.

From P+—y coincidence absorption measurements
it is concluded that the P+ spectrum is simple (Cu 50).
The Kurie plot of the P+ spectrum is straight down to
350 kev (Br 50e). The log ft value is 5.3. There is also
K capture (Hi 45), about equally strong as P+ emission
(Br 50e). See also Ja 37.
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11.4
Ca+n

16 (ac,n)

t'esonance levels

694

(not illustrated)

Adopted mass defect: —27.7 Mev

(The Ca" mass defect is derived from the Sc"mass by
means of the Ca45(P )Sc4' energy release. It agrees
excellently with the mass derived from the Ca44(d, p) Ca"
Q value. )

9.2
Ca +d-p43

2A
.47

T1 e.n-oC

1.16

44
Ca

9.0
40

A +o.

0.271
3.6

S 44

-2m c2

1.2
K+o' p

41

-6.8
45Sc +g-p

I. Ca4'(P )Sc4' Q =0.2
The half-life is given as 180&10 days (Wa 40), 152

days (Ma 47, Ru 52b), 180 days (Se 47), 150 days
(Ba 51), and 163.5&4 days (De 53). See also Po 38.

The P spectrum is simple and no y rays are observed
(So 48, Me 49, Ru 52b). The end point is measured by
Al absorption as 190 kev (Wa 40), 210 kev (Ma 47),
260&5 kev (So 48), 260 kev (Si 50a), 220+10 kev
(Me 49) and 300 kev (Ru 52b), and by magnetic spec-
trometer as 255&4 kev (Ke 50), 261&4 kev (Ma 53c),
and 254&3 kev (Ma 50c). The average P ray energy is
74.6&3 kev (Ca 52). The Kurie plot is straight down
to 50 kev (Ke 50, Ma 50c). The logff value is 5.7.

Frc. 43.

The internal conversion coe@cient of the Sc""' 270-
kev y ray has been given as nx ——0.5 (He 41) and as
ax=0.070+0.012 with nx/nq=8&4 (Sm 42).

See also Zy34, He 35a, Wa 37c, Du 38, Bu 38, Ge 38,
Wa 40, Ru 52b.

III. A" (n, n)Ca4' Eq 6.0 Q =———2.4

Sixteen resonances have been found with ThC'
0, particles by varying the gas pressure between source
and target and counting the neutrons with a BF3

TABLE LV. Decay of Sc~ and Sc""'.

II. Ca4'(n, y)Ca4' Q = 7.4

The thermal neutron activation cross section is
0.63&0.13 b (Se 47). See also Wa 40, De 53.

III. Ca'4(d, p)Ca" Q =5.2
Radioactive Ca4' has been produced by deuteron

bombardment of calcium (Wa 40).
A preliminary value for the ground-state Q value

measured by magnetic analysis (Eq up to 6 Mev,
8=90', enriched targets) is Q=5.19&0.02 (Br 53e).
Levels in Ca4' are observed at 0.18, 1.43, 1.89, 2.24,
2.39, and 2.84 Mev, all &0.02 Mev (Br 54a).

IV. Ca"(y,n)Ca"
Not observed.

Author

Wa 37a
Ja 37
Wa 4Oa
Wa 4Oa
He 41
Sm 42
Hi 45, B146c
Pe 46
Br 50e
CU 50
Ha 52d

Method

cl. chamber
cl, chamber
Al abs.
spectrom.
spectrom.
spectrom.
Al abs.
spectrom.
spectrom.
Al abs.
spectrom.

1.63
+0.1

1.50 ~0.05

1.45 &0.01
1.43 &0.05

1.463 +0.005
1.54

1.0 ~0.1

1.33
(1.05)
1.16&0.02
1.2
1.15

250
255
260
269.3 ~1
280

271.3~0.7

sc44 sc44m

Bp+ (Mev) By (Mev) By (kev) V. Sc4'(n,p)Ca4' Q„=0.6
Radioactive Ca4~ is produced by pile neutron bom-

bardment of scandium (So 48). See also Wa 40.

VI. Ti"(n,n)Ca" Q = —1.9
The cross section for production of Ca4~ from bom-

bardment of titanium by epi-cadmium pile neutrons is
3)&10 "cm' (He 48).

counter at 8 =6.84, 7.16, 7.35, 7.54, 7.70, 7.81, 7.95,
8.08, 8.17, 8.26, 8.37, 8.50, 8.58, 8.66, 8.75, and 8.80
Mev (Fu 38).

(not illustrated)

The mass defect of Ca" is unknown.

IV. The following reactions leading to Ca~ have not
been observed: K4'(n, p)Ca'4 (Q =1.2), Ca48(n, y)Ca~
(Q =11.4), Ca4'(d, p) Ca~ (Q„=9.2), Sc4'(y,p) Ca44

(Q =—6.8), and Ti4'(n, n)Ca44 (Q„=2.4).

SC46(p )T146
Sc"(P+,E.C.)Ca"
Radioactive Sc" (v=85 days) decays by P emission

and not by electron capture (Mi 4'7) and the P+ emis-
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sion is less than 1.6)&10 'per P (Mi51), the former in
contradiction with early experiments (Wa 39a, Me 45).

II. Ti4'(e, n)Ca4'

Not observed.

Ca4'

(not illustrated)

Adopted mass defect: —28.7 Mev

(The Ca4' mass is connected to the Ti" mass through
the Ca" (P )Sc"(P )Ti4' decay. The Ca4' decay energy
(1.76~0.03 Mev) reported by Cork et al (Co.53a) has
been used, but for the Sc" decay energy the value
(0.622~0.005 Mev) given by Cheng and Pool (Ch 53a)
has been prefered. )

II Ca4'(e, y)Ca"
Radioactive Ca4~ has been produced by pile-neutron

irradiationof calciumenrichedin Ca" content (Co 53a).
See also Co 53.

III. Ca4'(d, de)Ca" Q = —9.8
Radioactive Ca47 has been produced by bombardment

of calcium with 26-Mev deuterons (At 53).

IV. Ti"(d,nP)Ca" Q„=—5.5
Radioactive Ca" has been produced by this reaction

with 26 Mev deuterons (At 53).

V. The following reactions leading to Ca4' have not
beenreported: Ca"(d,p)Ca", Ca"(y,e)Ca4'(Q =—9.8),
and Ti"(e,n)Ca4' (Q„=—3.2).

I. Ca4'(P —)Sc4' Q =1.7
The half-life is given as 5.8 days (Ma 4/), 4.8~0.2

days (Ba 51), 4.8~0.5 days (Co 53), 4.3+0.2 days
(Ma 53c), and 5.35~0.10 days (Co 53a).

There is general agreement about a y ray of E~= 1.3
Mev (Ma47, At 53, Co53a) in the decay, but the
problem of the decay scheme is all but solved.

The P spectrum endpoint has been measured by Al
absorption as 1.1 Mev (Ma 47) and 1.2 Mev (Ba 51),
but recent measurements indicate two branches. By
Al absorption end points of Ep'=2.0~0.2 Mev (23 per-
cent) and Ep'=0.8~0.2 Mev (77 percent) are found
(At 53) in agreement with Es'=2.060+0.020 Mev (19
percent) and Ep2=0.685+0.006 Mev (81 percent)
(Ma 53c). However, an investigation by magnetic spec-
trometer gives Ep'= 1.4~0.1 Mev (40 percent, log ft
='7.7) and Ep2 ——0.46~0.02 Mev (60 percent, log ft
=5.7). The y spectrum has also been studied in a mag-
netic spectrometer (by means of photoelectrons from a
Pb radiator and conversion electrons) and by scintilla-
tionspectrometer. Gammarayswerefoundof ~~——1303
~40 kev, E~2= 800+25 kev, E~3=495~15 kev,
~4——234.0 kev and E"=149.5 kev. Conversion elec-
trons are reported from all but the two hardest y rays. Co-
incidences are observed between hard& rays (E„)0.25
Mev) and P particles, and between p rays of about 0.2
Mev and energetic P particles (Es)0.6 Mev). A decay
scheme based on these data shows P' in triple cascade
with y4 and y5, and P2 with either y'or with ~2 and ~3
(Co53a).

There is also a controversy about the decay of the
3.4 day Sc'' daughter. %hereas on the one hand a
y ray of E~= j59.5 kev is reported in cascade with a
singleP spectrumofendpoint0. 64~0.03Mev(Co53a),
also a decay scheme is proposed consisting of a branch
with Ep-(max) =0.622~0.005 Mev ~(34~4) percent]
and a branch with E'-(max)=0. 435~0.008 Mev
followed by a p ray of E„=0.185&0.007 (Mev)
(Ch"53a).

(not illustrated)

Adopted mass defect: —30.1 Mev (see "Introduction" )

I. Ca'(P )Sc4' Q =0.4
A search for P activity of natural calcium has been

unsuccessful. It is concluded that the half-life of Ca 8 is
longer than 2)&10' yr (Jo 52). No 44 br Sc4 is found in
milkings from natural calcium (Ko 48). Theoretical
predictions of the Sc" spin are as high as J=6 or 7

(Ku 53, see also De 53a). A spin value of at least 6
follows from the Sc4'P decay (Ca 53a). See also Fr 52.

The threshold of the Ca" (p,e)Sc4 reaction(measured
from targets enriched in Ca" content) is smaller than
0.65 Mev. The energy release in the Ca"(P—)Sc"decay
is thus at least 0.13 Mev (Tr 53).

II. Ca4'(P P )Ti4' Q„=4.3
A sample of 72 mg Ca enriched to 89 percent ln Ca48

has been used in a search for double p emission. The
number of coincidences observed in two scintillation
spectrometerswouldlead to ahalf-life of (5~2)X10"yr
and a P end point of 3.7+0.5 Mev (Mc 53).

Cg49

(not illustrated)

Adopted mass defect: —26.8 Mev

(The Ca" mass defect is based on the Ca'mass and the
observed Ca" (d,p)Ca4'Q value. )

I. Ca"(P-)Sc" Q„=5.5
The half-life of Ca is 8.5 min (Ma 50b). Previously

half-lives were assigned to Ca" of 30 min and 2.5 hr
(Wa40, Hu43b, Se47, Co51).

The 57 min daughter Sc4' has been found in milkings
from pile-irradiated calcium samples enriched in'Ca".
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The Ca4s P spectrum end point is measured by Al ab-
sorption as about 2.7 Mev. Hard y rays are found in the
Ca4' decay (Ma 50b).

II. Ca'

(tsar)Ca"

Q =5.0
The Ca" activity has been observed in pile-irradiated

samples enriched to 62 percent in Ca' content (Ma 50b).
The cross section for fission neutrons (E„1Mev) is
1.9 mb (Hu 53a).

Ad 49

Ad 49a

Ad 50
Ad 53

AR 50
Ag 52

Ah 48

Aj 52

Al 34

Al 35

Al 35a

Al 35b

Al 39

Al 40

Al 46

Al 48

Al 48a
Al 48c

Al 48d

Al 48e
Al 49

Al 49a
Al 49b
Al 49c
Al 50

Al 50a
AI Sob

Al 50c
Al 51
Al 51a

Am 34
Am 35
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