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Decay Scheme of Fm! 255 
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The alpha decay scheme of Fm255 has been investigated by alpha particle, gamma ray, and electron 
spectroscopy. Nine alpha groups were observed with alpha-particle energies and abundances of: 7.122, 
(0.09±0.01)%; 7.098, (0.10=b0.01)%; 7.076, (0.43±0.05)%; 7.019, (93)%; 6.977, (0.11±0.02)%; 6.960, 
(5.3=1=0.1)%; 6.887, (0.60±0.03)%; 6.803, (0.12±0.02)%; and 6.58 MeV, (4.5±0.9)X10^%. The ground 
state of Cf261 was assigned a spin of § and is probably the i + [ 6 2 0 f ] Nilsson state. Five members of the 
rotational band based on the ground state were observed. The value of the decoupling parameter a, is 
0.24±0.03, and h*/2& has a value of 6.4d=0,3. The ground state of Fm265 decays by an unhindered alpha 
transition to a 106-keV state in Cf251. Both of these states are assigned a spin of | and are presumably the 
| + [ 6 1 3 f ] Nilsson state. Four members of the rotational band based on the 106-keV state in Cf251 were 
observed, and their energies correspond to a value of &/2$ of 6.69±0.03. The 106-keV state with the 
J-h[613f] assignment has a half-life of (3.7±0.2)X10-8 sec. The gamma rays which de-excite this state to 
the ground-state band are thought to originate through a multiple Coriolis interaction between two states 
0.56 keV apart. Two other intrinsic levels in Cf261 were detected. One at 546 keV was given the assignment 
of 1 1 / 2 - [725f] and the other, tentatively at 425 keV, was given the assignment f+[615 J ] . The appropriate 
alpha transition probabilities for the decay to the various states agree well with the expectations for un­
hindered and hindered alpha decay. 

I. INTRODUCTION 

THE energy levels of many nuclides below the sub-
shell1 of 152 neutrons, have been thoroughly 

studied and classified.2'3 There is, however, little experi­
mental information on the energy-level characteristics 
for nuclides with more than 152 neutrons. Fm255 is one 
of the few nuclides which can be used to probe this re­
gion and which can be prepared in substantial amounts 
from conventional irradiations. 

Fm255 was first identified by Ghiorso et al* following 
an intense neutron irradiation of uranium in a thermo­
nuclear explosion. Alpha particles were observed with 
an energy of 7.1 MeV and a half-life of ~ 1 day, sus­
tained through 0 decay of a longer lived einsteinium 
parent. Later work5,6 with reactor-produced heavy ele­
ments confirmed the initial results. 

Jones et al.,7 in work of higher precision, reported an 

*Work performed under the auspices of the U. S. Atomic 
Energy Commission. 

1 The term subshell has reference to an accidentally large energy 
gap in the spacing between adjacent neutron levels in deformed 
nuclei which occurs at neutron number 152. Its existence was 
first noted experimentally by an interruption in the smooth 
variation of a-decay energies in a series of californium isotopes. 

2 B. R. Mottelson and S. G. Nilsson, Kgl. Danske Videnskab. 
Selskab, Mat. Fys. Skrifter 1, No. 8 (1959). 

3 F. S. Stephens, Frank Asaro, and I. Perlman, Phys. Rev. 113, 
212 (1959). 

4 A. Ghiorso, S. G. Thompson, G. H. Higgins, G. T. Seaborg, 
M. H. Studier, P. R. Fields, S. M. Fried, H. Diamond, J. F. 
Mech, G. L. Pyle, J. R. Huizenga, A. Hirsch, W. M. Manning, 
C. I. Browne, H. L. Smith, and R. W. Spence, Phys. Rev. 99, 
1048 (1955). 

5 G. R. Choppin, S. G. Thompson, A. Ghiorso, and B. G. Harvey, 
Phys. Rev. 94, 1080 (1954). 

* M. H. Studier, P. R. Fields, H. Diamond, J. F. Mech, A. M. 
Friedman, P. A. Sellers, G. Pyle, C. M. Stevens, L. B. Magnusson, 
and J. R. Huizenga, Phys. Rev. 93, 1428 (1954). 

7 M. Jones, R. P. Schuman, J. P. Butler, G. Cowper, T. A. 
Eastwood, and H. G. Jackson, Phys. Rev. 102, 203 (1956). 

alpha-particle energy of 7.08zb0.01 MeV and a half-life 
of 21.5±0.1 h for Fm255. These authors, as well as 
others,8 had noted that the 7.08-MeV group, as meas­
ured in an ionization chamber, was significantly wider 
than expected for a single alpha group. 

Asaro, Stephens, Thompson, and Perlman9 measured 
the alpha spectrum with a magnetic spectrograph and 
found only one prominent Fm255 peak (94%) at 7.03 
MeV (relative to 7.20 MeV for Fm254) and weaker 
groups at 7.09 (0.4%), 6.97 (5%) and 6.90 MeV 
(0.8%). The observed broadening of the alpha peak in 
ionization chamber measurements was ascribed to in­
tense conversion electrons in coincidence with the main 
alpha group. Indeed, a-L x-ray coincidence measure­
ments showed 2.3±0.2 conversion electron transitions 
(providing the transitions were converted in all of the 
L subshells) for each Fm255 alpha particle. Alpha-
particle gamma-ray coincidence measurements showed, 
in addition to copious L x rays, gamma rays of ^58 and 
80 keV, each in about 1.1% abundance. 

There is still not enough information in the previous 
studies to formulate a decay scheme which could reason­
ably explain the available data. Even without evidence 
of several alpha groups, the large number of conversion 
electrons observed must mean that the decay scheme is 
quite complex. In the present study more detailed 
measurements of the alpha, gamma, and electron spec­
tra of Fm255 have led to a consistent decay scheme which 
can be interpreted in terms of current theories and sys­
tematic of alpha decay and energy levels. 

8 A. Ghiorso (unpublished data). 
9 F. Asaro, F. S. Stephens, S. G. Thompson, and I. Perlman, in 

Proceedings of the International Conference on Nuclear Structure 
at Kingston, Canada, edited by D. A. Bromley and E. W, Vogt 
(University of Toronto Press, Toronto, 1960) p. 925; University 
of California, Lawrence Radiation Laboratory Annual Report 
No. UCRL-9566, February 1961 (unpublished). 
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II. APPARATUS 

A. Alpha Spectra 

Most of the alpha spectra were measured with a 
double focusing magnetic spectrograph which has been 
described elsewhere.10,11 The counting efficiency of the 
instrument was about 5X10 - 4 of 47r, and the alpha 
particles were detected with nuclear emulsions in which 
individual tracks were recorded. The full width at half-
maximum (FWHM) of the alpha groups was about 10 
keV at the acceptance angle employed. 

A Frisch grid chamber was also used to measure alpha-
particle energies. The counting efficiency was about 50% 
and the resolution (FWHM) was about 30 keV. 

B. Coincidence Spectra 

An alpha-particle gamma-ray coincidence system was 
available with which we could measure the gamma-ray 
spectrum in coincidence with specific alpha-particle 
energies or the alpha spectrum in coincidence with 
specific gamma-ray energies. This apparatus has been 
discussed in detail elsewhere.12 I t employed a silicon 
detector to measure alpha particles, a Na l detector for 
gamma rays, and an anthracene detector for conversion 
electrons. The resolving time of the apparatus was 
4X10~8 sec for fast coincidences or 6X10 - 6 sec for 
slow coincidences. By inserting calibrated delay lines 
on the alpha-particle output, the half-life of delayed 
gamma-ray transitions could be measured. The same 
electronics system was also adopted for gamma-ray 
gamma-ray coincidence measurements with two 3-in. 
X3-in. Na l detectors. 

A time-to-height converter coupled to an alpha-
particle gamma-ray coincidence apparatus also served to 
measure the lifetimes of delayed transitions. 

C. Electron Spectra 

The conversion electron spectra were measured with 
a 100-G permanent magnet spectrograph of a type 
which has been described elsewhere.13 A wire coated with 
fermium or einsteinium activity served as the source for 
the electron spectrograph. The width of a 60-keV line 
was about 0.1 keV. 

III. SOURCE PREPARATION 

The Fm255 and associated activities were obtained by 
prolonged neutron irradiation of americium and curium 
by the Berkeley and Livermore divisions of the Lawrence 
Radiation Laboratory as part of a general program for 
the production of heavy elements. For reasons which 
can be visualized from the following decay properties, 

10 D. L. Judd and S. A. Bludman, Nucl. Instr. 1, 46 (1957). 
11 R. C. Pilger, Ph.D. thesis, University of California UCRL-

3877, 1957 (unpublished). 
12 S. Bjp'rnholm, M. Lederer, F. Asaro, and I. Perlman, Phys. 

Rev. 130, 2000 (1963). 
13 W. G. Smith and J. M. Hollander, Phys. Rev. 101, 746 (1956). 

it is difficult to work with completely pure Fm255. 

0 - a 
Cf253 > £253 > 

17 day 20 day 

p- a 
Cf254 (J3 s table) E254 > Fm2 5 4 > 

37 h 3.2 h 

pr a 
£255 > F m 2 5 5 ># 

- 4 month 20 h 

The principal path to arrive at elements beyond cali­
fornium is through the fi~ decay of Cf253, and E253 is by 
far the predominant activity in the trans-californium 
fraction. The isotope E253 captures neutrons successively 
to give E254 and E255. 

In the experiments, a fraction consisting of cali­
fornium and higher elements was first separated from 
fission products and lower transuranium elements by a 
procedure described elsewhere.14 The einsteinium and 
fermium were then separated from the californium by 
elution on a cation ion-exchange column with ^-hydroxy 
isobutyric acid.15 This fraction, which contained princi­
pally E253,254'255 and Fm254,255, could serve for some time 
as a reservoir for 20-h Fm255 because of the relatively 
long half-life of the E255 parent. In this fraction, however, 
the activity of the Fm255 was only about 0.01% that 
of the E253. In order to delineate which features of the 
spectra belong to E253, a pure sample of E253 was ob­
tained by removing it after a growth period of a month 
from a previously purified californium fraction. In some 
experiments the 20-h Fm255 was separated from the 
einsteinium fraction by additional elutions on cation 
ion-exchange columns with a-hydroxy isobutyric acid. 

The description given above for the chemical separa­
tions is incomplete in the sense that steps were taken to 
insure that the sources prepared for spectroscopic 
measurements would be virtually weightless. A standard 
procedure16 was employed in which foreign ions are 
removed with ion-exchange columns both before and 
after a particular separation is made. 

Sources for the alpha-particle spectrograph and ioni­
zation chamber were prepared by vacuum volatilization 
of the active material from a white hot tungsten fila­
ment onto a cold platinum plate. The length of the 
sources was about f in. and the width varied from 0.020 
to 0.12 in. 

The electron spectrograph sources were prepared by 
volatilization of the activity onto one side of a platiunm 
wire, 0.010 or 0.020 in. in diameter. 

14 S. Fried and H. Schumacher, Larwence Radiation Laboratory 
Chemistry Division Annual Report, 1961, UCRL-10023, 1962 
(unpublished). 

15 G. R. Choppin, B. G. Harvey, and S. G. Thompson, J. 
Inorg. Nucl. Chem. 2, 66 (1956). 

16 L. Phillips and R. Gatti, unpublished data referred to in 
National Academy of Sciences National Research Council, 
Nuclear Science Series NAS-NS 3031, 1960 (unpublished). 
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The source for the alpha-particle gamma-ray coinci­
dence measurement was absorbed onto a sulfonated 
polystyrene disk.17 

IV. RESULTS 

A. Alpha-Particle Spectrograph Measurements 

An alpha spectrum of chemically separated Fm255 

is shown in Fig. 1. The source contained ^1 .2X10 5 

dis/min of Fm255 and — 6X104 dis/min of E253. The 
Fm254 content was negligible. Table I shows a summary 
of the results obtained from a number of sources of 
equilibrated or enriched Fm255. Unless otherwise noted, 
all alpha groups were observed with more than one 
source. The main group of E253 at 6.633 MeV (not shown) 
served as an energy standard. Incidental to the meas­
urements, a better value for the a energy for Fm254 can 
be given. Previous measurements9 had shown that there 
is 173-keV difference between Fm254 ao and Fm255 am, 
hence the energy for Fm254 a0 is 7.192±0.005 MeV. 

The half-life of Fm255 was measured by following the 
alpha decay with a Au-Si surface barrier counter. The 
measured half-life was 20.07±0.07 h. 

TABLE I. Summary of alpha spectra data. 

Alpha-particle 
energy (MeV) 

7.122 
7.098 
7.076 

7.019±0.004 
6.977 
6.960 
6.887 
6.803 

Intensity 
(%) 

0.09±0.01 
0.10±0.01 
0.43±0.05 

93.4 
0.11±0.02 
5.3 ±0.1 
0.60±0.03 
0.12±0.02 

Excited-state 
energy (keV) 

0 
25 
48 

106 
149 
166 
240 
326 

Alpha decay 
hindrance 

factora 

2.8 X103 

2.1 X103 

3.9 X102 

1.03 
5.8 X102 

10.3 
44 
97 

a These were calculated in the manner indicated in Ref. 22. 

An alpha spectrum of Fm255 was measured in an ioni­
zation chamber with ^ 5 0 % geometry. The spectrum 
is shown in Fig. 2 along with the peak shape of E253, 
which serves as the criterion for a single line. I t is seen 
that the Fm255 main group, (aiioe), is much spread out; 
it has its greatest intensity at about 75 keV higher than 
the true energy and extends to about 100 keV. This is 
caused by intense conversion electrons in coincidence 
with the main group and indicates that the main alpha 
group populates a state about 100 keV above the ground 
state and that the de-excitation of this state is complex. 

B. Electron Spectra 

An exposure of an E-Fm source was made for 1 
month on the permanent magnet electron spectrograph, 
and a similar exposure was made with a source contain­
ing enriched E253. The E-Fm source contained 6X107 

6.887 MeV 
a 2 4 0 

(0.60*0.03)7. 

••«r» A •/ ^ k T-~"' 
'. <0.04%] \. • V \ l \ (0-10*0-0 
% <0.03% 7 l - v / i t f ^ 6.977 M.V } V'-J 

A '-'\yJ \#* • !\ a«° 1 / \A'.-
i V... rsJ^.T ' " i \io.ii±o.o2)%! / * \_VT\ 

Alpha - pa r t i c le energy (MeV) 

FIG. 1. Fm255 alpha-particle spectrum taken with a 
magnetic spectrograph. 0 events are plotted at 0.1. 

dis/min of E253 and 6X103 dis/min of Fm255. Many elec­
tron lines belonging to E253 decay were observed but 
only two lines (Lu and L m lines of an 81.1-keV transi­
tion) could be attributed to Fm255. A further series of 
exposures were made with separated Fm255 and addi­
tional transitions of 58.3 and 80.5 keV were observed. 
All of these transitions were of sufficient intensity that 
they could only follow the main alpha group of Fm255. 
Table I I shows a summary of the observed electron lines 
with separated Fm255. 

I t was possible to obtain rough relative subshell 
conversion coefficients for these transitions, so even 
without the gamma-ray measurements, it is possible to 
say something about multipolarities. 

Ml transitions in this energy region convert princi­
pally in the L\ subshell, E2 transitions convert princi­
pally in the Lu and L m subshells in nearly equal 
amounts and E l transitions convert in all three L 
subshells in nearly equal amounts. 

Thus, the 81.1- and 80.5-keV transitions would be 
predominantly E2 whereas the 58.3-keV transition 
would be predominantly Ml. 

Higher-order transitions are ruled out by absolute 
conversion coefficient and lifetime considerations which 
are discussed subsequently. 

F m * 

Energy of 

F m 2 5 5 m a i n group 

7.019 M e V 

Endpoint 
,7.12 MeV 

17 S. Bj^rnholm and M. Lederer, Nucl. Instr. Methods 15, 2331 
(1962). 

0 20 4 0 6 0 8 0 ' 100 

Channel number (a lpha-par t ic le energy) 

FIG. 2. Fm256 alpha-particle spectrum measured with a 2ir solid-
angle ion chamber. The background has been subtracted out. 

peak shape of E253 in the sample shown at the energy of the 
Fm265 main alpha group. 
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TABLE II. Fm265 electron lines. 

Electron 
energy 
(keV) 

32.31 
51.49 

55.46 
60.63 
74.12 
75.32 

56.01 
61.18 
74.69 
75.89 

Subshell 

Zi 
Mi 

Lu 
Lin 
Mn 
Mm 

Lu 
Lin 
Mu 
Mm 

Binding 
energy 
(keV) 

25.98 
6.78 

Best value 

25.07 
19.95 
6.37 
5.13 

Best value 

25.07 
19.95 
6.37 
5.13 

Best value 

Gamma-ray 
energy 
(keV) 

58.29 
58.17 
58.3 Ml 

80.53 
80.58 
80.49 
80.45 
80.5* El 

81.08 
81.13 
81.06 
81.02 
81.1a El 

Electron 
relative 

intensities 

~0.5 
~0.1 

~0.2 
~0.2 
~0.1 
~0 .1 

1 
~0.8 
~0.3 
~0.3 

Transition 
intensities 

(%) 

~19 

~ 1 6 

~ 6 5 

a The best value for the energy separation between the 81.1- and 80.5-keV 
gamma rays is 0.56 ±0.02 keV. 

C. «-y and yy Coincidence Measurements 

L Low-Lying States 

The gamma-ray spectrum in coincidence (resolving 
time ^ 6 /*sec) with the main alpha group of Fm255 is 
shown in Fig. 3. Two gamma rays were observed with 
energies and intensities of 60 keV (0.9db0.2)% and 
82 keV (1.1=1=0.2)%. These results are in good agree­
ment with the previous measurement.9 From the elec­
tron intensities shown in Table II, we can deduce that 
20% of the observed photons at ^82 keV belong to the 
80.5-keV transition and 80% to the 81.1-keV transition. 

We have shown earlier that the main alpha group 
populated a state ^100 keV above the ground state. 
Since the 58- and 81-keV transitions follow the main 
group, they cannot be in coincidence with each other 
as this would give a decay energy which is about 40-60 
keV too high. The relative intensities of the conversion 

-L x rays 

O JO 20 30 40 50 60 70 

Channel number (gamma-ray energy) 

FIG, 3. Fm255 gamma-ray spectrum in coincidence 
with alpha particles. 

lines of the transitions are known and we can now calcu­
late the conversion coefficients assuming there are no 
other parallel transitions. These conversion coefficients, 
as given in Table III, indicate the 81-keV gamma rays 
have predominantly E2 multipolarity, and the 58-keV 
gamma ray has predominantly Ml multipolarity in 
conformity with the assigmnents made from the sub-
shell conversion ratios. These assignments are incor­
porated in the decay scheme shown in Fig. 4. 

The good agreement between the gamma-ray energies 
and the level spacings probably indicates the 58-keV 
transition takes place between the 106-keV state and 
the 48-keV state. If there were only one 81-keV transi­
tion its obvious place would be between the 106- and 
25-keV states. It will be shown in the discussion section 
that there are two excited states at — 106 keV and that 
the two 81-keV transitions can arise from the de-excita­
tion of these states to the 25-keV state. 

The gamma-ray spectrum in coincidence with L x rays 
was measured with a resolving time of ~ 6 /xsec, and is 
shown in Fig. 5. Beside K x rays, both the 58- and 81-

TABLE III . Multipolarity assignment of 58- and 
81-keV gamma rays. 

Transition Intensity of Experimental 
energy gamma rays conversion 
(keV) (%) coefficient 

Theoretical* 
conversion 
coefficients 

El El Ml 
Assign­
ment 

58.3 
81 
80. 3} 

0.9±0.2 ~ 2 6 0.7 290 40 Ml 

1.1±0.2 ~ 7 0 0.3 60 12 El 

» The theoretical L conversion coefficient was taken from L. A. Sliv and 
I. M. Band, Coefficients of Internal Conversion of Gamma Radiation, 
Academy of Sciences of the USSR, Publication of the Leningrad Physico-
Technical Institute: Part I JC-Shell (1956), Part II i-Shell (1958), Issued 
in USA as Reports 57 ICC Kl and 58 ICC LI Physics Department, Uni­
versity of Illinois, Urbana, Illinois. The ratio of L :L + M + • * • was assumed 
to be 0.7. 

keV gamma rays were seen. With the previous measured 
value9 of 2.3 electron vacancies per Fm255 alpha particle 
(provided the transitions have energies above the L 
binding energies), the intensity of the 58-keV gamma 
ray in coincidence with transitions heavily converted in 
the L subshells was ~1 .3% per Fm255 alpha particle. 
The corresponding intensity for the 81-keV radiation 
was ^1 .2% per Fm255 alpha particle. The significance 
of this measurement is that there is about 1 highly con­
verted transition (whose energy is over the L subshell 
binding energies) in coincidence with each 81-keV 
gamma ray, and between one and two such transitions 
in coincidence with each 58-keV gamma ray. This fits 
with the interpretation of the 48- and 25-keV levels as 
members of the ground-state rotational band (see 
Fig. 4). 

The gamma-ray spectrum in coincidence with alpha 
particles was measured with a resolving time of 0.04 
jusec. The intensity of the two gamma rays dropped sub­
stantially from that obtained with a 6 #sec resolving 
time and thus indicated a delay between the alpha-



TABLE IV. Retardation of the 58-

Energy of 
gamma ray Multi-

(keV) polarity 

81.1 El 
80.5 El 
58 MX 

Partial 
photon 
half-life 

(sec) 

4.2X10-6 

? 
4. IX10-6 

D E C A Y S C H E M E 

and 81-keV gamma rays. 

Single 
proton 

half-lifea Retardation 
(sec) 

3.4X10"7 12 
3.4X10-7 ? 
3.7X10-H 1.1 X106 

OF F m * B295 

* The single proton half-lives were calculated from the equations given 
in Ref. 27. 

particle and gamma-ray emission. A measurement of 
alpha-particle gamma-ray delayed coincidences with a 
time-to-height converter showed that the 106-keV level 
has a half-life of (3.7±0.2)X10~8 sec (Fig. 6). The 
partial half-lives for the individual gamma rays are then 
4.2X 10~6 sec for the 81.1-keV gamma ray and 4.1X 10~6 

sec for the 58-keV gamma ray. These values and the 
respective single-particle values are given in Table IV. 
It will be shown later that the intensity of the 80.5-keV 
transition is governed by the half-life of the preceding 
0.56-keV transition. It is seen that the 81.1-keV E2 
gamma ray is about a factor of 12 slower than the single-
particle value, while the 58-keV Ml gamma ray is 
retarded by a factor of about 105. The significance of 
these retardation factors in view of K forbiddenness 
(K=J —> K~i) will be discussed in a later section. 

2. Higher Lying States 

Alpha transitions of very low intensity, generally 
leading to relatively high-lying states, have been meas­
ured successfully by alpha-particle gamma-ray and 
alpha-particle electron coincidence counting employing 
silicon detectors for the alpha particles.12 In the present 
study, the alpha spectrum was measured in coincidence 
with all conversion electrons of energy greater than 100 
keV. A single alpha group attributable to Fm.255 was 
seen at 6.58 MeV, which means that a state exists at 

Fm' 
255 

IQ 00] 

X. x rays 

/ 8 4 k e V 

\ J • »«• • coincidences 

—*-• *—»m < i i 

-7/2+7/2 (6131] 

0 20 40 60 80 100 

Channel number (gammc^ray energy) 

FIG. 5. Fm265 gamma-ray spectrum in coincidence with L x rays. 
The gamma-ray spectrum in coincidence with radiations above 
20 keV was subtracted from the spectrum in coincidence with all 
detected radiations. "Negative" or 0 net events are plotted as X 
event. * ^50-keV escape peak of ̂ 84~keV gamma ray in coinci­
dence with residual I K x rays in the gate. 

about 550 keV above the ground state. The intensity of 
the alpha group in coincidence with electrons was 
(2.6±0.8)X10~4 relative to total Fm255 alpha particles. 
Similar measurements in which the gating pulses were 
gamma rays of energy > 275 keV showed the same alpha 
group in an intensity of (1.9±0.5)X10~4. The total 
intensity of alpha population of the state at 550 keV is, 
therefore, (4.5db0.9) X lO"4. 

In coincidence with the alpha group at 6.58 MeV 
were found gamma rays of 120 and 320 keV with rela­
tive intensities of 1 to 0.4. The photon peak at 120 keV 
would include K x rays of californium. The most likely 
arrangement for these two gamma rays is shown in 
Fig. 4 where it will be noted that their sum, 440 keV, 
agrees with the spacing between the 6.58-MeV group 
and the main alpha group (7.019 MeV) leading to the 
106-keV state. The conversion coefficient of 1.3±0.5, 
inferred from the above mentioned data, must'apply to 

NnzA£ am 
(7 2 5 !]il/2-li/2-

a pop. Energy (keV) 

—0.05% 546 

120 keV El 

[6 I 5 1)9/2+9/2 *- ^0.004% 426 

[6 2 0 t ] 1/2 +1/2-

pop.am [Nn2AS] 

0.12% 13/2 

5.3% 9/2 

3 -T x l f jgS 93.4% 7/2+T/2 [ 6 t 3 t ] 

58.5 keV Ml 

81.1 keV E2 

FIG. 4. Fm265 decay scheme. 

r^ ^ F m " 0 delay curve 

"•̂ ,1 delay curve 

"""•^•^ (37±2)x l0 " 9 sec 

a - 7 5 keV ^ ^ 
delay curve "^^5 
("prompt" standard) " iS-j 

;>5-1^ 

100 150 200 250 300 350 400 

Channel number (~l.|x 10** sec delay per channel) 

FIG. 6. Time delay between gamma rays of 50-100 
keV and Fm265 alpha particles. 
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TABLE V. Fm255 alpha transitions to higher-energy excited states. 

Alpha Excited 
particle state Alpha decay 
energy Intensity energy hindrance 
(MeV) (%) (MeV) factors* 

6.58 
6.70 

(4.5±0.9)X10^2 

<4X10~3 
546 
426 

25 
>1000b 

a The hindrance factors were calculated in the manner indicated in Ref. 
22. 

b This hindrance factor is valid if a state at ~426 keV de-excites by the 
320-keV gamma ray. 

the 320-keV transition and is in agreement with the 
total theoretical Ml value of 1.5. Since the measure­
ments show that the direct population of the 426-keV 
level is negligible we can use the Ml assignment of the 
320-keV gamma ray to correct the 120-keV radiation 
intensity for K x rays and then determine the conversion 
coefficient for the 120-keV transition. This turns out to 
be 0.6db0.3 which is higher than the El value (0.12) 
but much lower than those for Ml (6.0) and E2 (12). 
The assumptions made in arriving at the experimental 
estimate are such that the value 0.6 is more likely too 
high than too low. On this basis the transition has been 
given an El assignment. 

From the experimental data alone it cannot be said 
which transition, the 120 or 320 keV, precedes the other. 
As will be discussed later, it is most likely the 120-keV 
gamma ray precedes the 320 keV. In this event, the 
maximum population to the intermediate state at 426 
keV is 4X10~5 of the Fm255 alpha decay. Direct decay 
to the intermediate state would lower the observed 
conversion coefficient of the 120-keV gamma ray and 
improve the agreement with the theoretical value. A 
summary of the alpha energy data for these transitions 
and the hindrance factors are given in Table V. 

V. SPIN ASSIGNMENTS 

As seen in Table I, the alpha population of the 106-
keV state has a very small hindrance factor.18 An un­
hindered decay of this type occurs in the region of 
strong nuclear deformation when the initial and final 
states have the same configuration.19 Alpha decay to 
the entire rotational band is said to be favored and the 
relative intensities of the respective alpha groups are 
predictable. The spins of the rotational states generally 
increase by 1 unit for each state, and the energies of 
these states follow the relationship20 

E=W+W/2$U(I+l)+8K,1Ml+i)(-iy+1/2l, CD 
18 The alpha decay hindrance factor for a particular alpha group 

is the ratio of the observed partial half-life for the group to the 
theoretical half-life deduced from simple barrier penetration con­
siderations. See Ref. 22 for a more detailed explanation. 

19 A. Bohr, P. O. Froman, and B. R. Mottelson, Kgl. Danske 
Videnskab. Selskab, Mat. Fys. Medd. 29, No. 10 (1955); P. O. 
Froman, Kgl. Danske Videnskab. Selskab, Mat. Fys. Skrifter 1, 
No. 3 (1957). 

20 A. Bohr and B. R. Mottelson, in Beta- and Gamma-Ray 
Spectroscopy, edited by K. Siegbahn (Interscience Publishers, Inc., 
New York, 1955), Chapt. XVII. 

where E is the excited state energy, $ is the moment 
of inertia, W is a constant, and / is the nuclear spin. K, 
the projection of the spin on the nuclear symmetry 
axis, is a constant for a given rotational band and is 
usually equal to the lowest spin in the band. The last 
term in the equation only applies to rotational bands 
with 2T=J. From the energy spacings between the 
106-, 166-, and 240-keV states (60.2±0.3 and 73.8±0.4 
keV), we calculate that / for the 106-keV level is 
3.43d=0.14, i.e., | ; hence, K for the entire band is also 
f. The states of 166 and 240 keV will then have spins 
of | and 11/2. The value of ¥/2$, 6.69±0.03, is some­
what larger than the largest value previously found in 
this region, 6.SS keV, determined from the 287- and 
330-keV levels in Pu239. 

The identification of three members of rotational 
band fixes the parameters of Eq. (1), and the positions 
of higher members can then be calculated. The energy 
of the spin 13/2 member of the iT= J rotational band, 
as calculated from Eq. (1), is 220.8±1.1 keV above the 
spin | state, in good agreement with an observed value, 
219.7=bl.5 keV. 

If the spin assignments are correct, it should be pos­
sible to calculate the relative alpha intensities to the 
various states in the band. The alpha decay of an odd-
mass nucleus to a rotational band which has the same 
nuclear intrinsic configuration as the parent (favored 
decay) is very similar to the alpha decay of an even-
even nuclide (K=0) to the ground-state rotational 
band of the daughter (K=0). It has been shown19 that 
the hindrance factors for the alpha waves of the same 
angular momenta are nearly the same in both cases. The 
alpha transition probabilities to the various rotational 
states in favored alpha decay are given by the equation 

{cKi
iiK^KiW,y 

P=PB/N £ — , (2) 
£=0,2,4 H F L ( M ) 

where PE is the alpha transition probability expected 
from simple barrier penetration theory, HFL(e-e) is the 
hindrance factor from adjacent even-even nuclides for 
alpha emission with angular momentum L} C is a 
Clebsch-Gordan coefficient, and the indices i and / 
refer to the initial and final states, respectively. N 
usually has a value between 1 and 2 for favored alpha 
decay. It is normally treated as a parameter and deter-

TABLE VI. Calculated alpha populations to the K — l band. 

Energy of 
state 
(keV) 

106 

166 
240 
326 
427 

(calc) 

/ 
7/2 

9/2 
11/2 
13/2 
15/2 

Predicted relative intensities (%) 
Z, = 0 

83.4 
(norm) 

L = 2 

9.8 

5.01 
0.64 

Z, = 4 

0.20 

0.43 
0.30 
0.075 
0.0057 

2 

93.4 
(norm) 
5.44 
0.94 
0.075 
0.0057 

Experimental 
intensities 

(%) 
93.4 

5.3 ±0.1 
0.60±0.03 
0.12±0.02 

<0.05 
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mined empirically, although it can be calculated from a 
detailed knowledge of the nuclear wave functions.21 

As alpha decay data on the even-even nucleus Fm256 

are not available, only hindrance factors deduced from 
Fm254 alpha decay were used for Eq. (2). The relative 
hindrance factors22 for Z, = 0, 2, 4, alpha emission from 
Fm254 are 1:4:30. The hindrance factor for the L = 6 
wave23 is ^1300 and is of negligible concern here. Table 
VI shows the experimental and calculated intensities of 
the Fm255 alpha groups populating the K—\ band. The 
agreement is reasonably good. The ratio of the popula­
tion to the 3rd member of the band to that to the 2nd 
member has been found in other odd-mass alpha emitters 
to be usually about 20-30% lower than the calculated 
value. Thus, our Fm255 result which is 36% lower than 
the calculated value, is consistent with empirical expec­
tations. Deviations from the simple Bohr-Froman and 
Mottelson calculations described above have been inter­
preted for U233 alpha decay in terms of the interaction 
of the nuclear quadrupole moment with the outgoing 
alpha wave.24 As yet the quantitative agreement be­
tween theory and experiment is not satisfactory. 

The simplest explanation for the remaining alpha 
groups populating states near the ground state is in 
terms of a single rotational band. Examination of the 
spacings of the first two excited states will show that 
only a I = f assignment is possible. With K=\ the 
order of the spins of the various levels depends on the 
value of a, the decoupling parameter. Considerations of 
the levels populated by the gamma-ray de-excitation 
of the 106-keV state (K=%, /=•£) the gamma-ray 
multipolarities, and the number of converted transitions 
in coincidence with these gamma rays, lead to the spin 
sequence J, f, and f for the ground, 1st, and 2nd excited 
states, respectively. With energy spacings shown in 
Fig. 4, the values of the decoupling parameter and^2/29 :, 
as calculated from Eq. (1), are 0.24±0.03 and 6.4±0.3 
keV, respectively. The value of fi2/2$ is quite consistent 
with values for other nuclides near this region. The 
value of the decoupling parameter will be considered in 
the section on Nilsson level assignments. From the 
parameters given above, the positions of the higher 
members of the K—\ rotational band can be calculated. 

where HFL are the intrinsic hindrance factors for alpha 
waves of different angular momenta between states of 

21 H. J. Mang and J. O. Rasmussen, Kgl. Danske Videnskab. 
Selskab, Mat. Fys. Skrifter 2, No. 3 (1962). H.J . Mang, abstract 
of paper to be presented at the Washington Meeting of the 
American Physical Society, 1963, University of California, 
Lawrence Radiation Laboratory Report UCRL-10648 (unpub­
lished); H. D. Zeh and H. J. Mang, Nucl. Phys. 29, 529 (1962). 

22 H. V. Michel, University of California Lawrence Radiation 
Laboratory Report UCRL-9229, 1960 (unpublished). 

23 M. Lederer, F. Asaro, and I. Perlman (unpublished data). 
24 R. R. Chasman and J. O. Rasmussen, Phys. Rev. 115, 1260 

(1959). 

TABLE VII. Energy spacings and alpha populations 
of the K = | band. 

/ 
1/2 
3/2 

5/2 

7/2 
9/2 

11/2 
13/2 
15/2 

Energy of state 
(keV) 

Calc.a 

0 
25.5 

(norm) 
48.3 

(norm) 
105±5 
146db5 
236±11 
294±11 
417±20 

Observed 

0 
25.5±2 

48.3±2 

Masked 
149±3 

Masked 

PE 

PE=O 

1.00 
0.80 

0.65 

0.37 
0.25 
0.105 
0.060 
0.017 

Alpha 

Calc.b 

0.11 
0.10 
(norm) 

0.43 
(norm) 

0.13 
0.086 
0.009 
0.0015° 
0.00003c 

abundance 
(%) 

Exp 

0.09±0.0 
O.lOiO.O 

0.43 

Masked 
0.il±0.0: 

Masked 

a The energies were calculated from Eq. (1) with h2/25 =6.4 and a =0.24. 
b The abundances were calculated from Eq. (3) with HFL =160 and 

bL =0.2 for the L =4 alpha wave and with the relative values for the alpha-
particle barrier penetrability given in column 4. 

c These groups would have been too weak to see. 

The values are shown in Table VII. I t is seen that K=%, 
7 = | member should be very close in energy to the K=J, 
1=\ level (the most heavily populated state). The 
next member of the band, K—J, / = | , should be at 
146±5 keV which is within the experimental uncertainty 
of the observed state of 149±3 keV. As shown in Fig. 4, 
the spin values are quite consistent with the assigned 
multipolarities of the 81- and 58-keV gamma rays. The 
81.1- and 80.5-keV E2 transitions drop from the spin 
\ states with K~\ and f, respectively, to a state with a 
spin § which de-excites to the ground state. The 58-keV 
Ml leads from the spin J state with K=\ to one of spin 
§ which, in turn, probably de-excites to the ground state 
through the spin § state. I t will be seen that this K=\ 
band is best assigned to an even-parity Nilsson orbital 
as is the K—\ state. 

Alpha decay between states of the same parity can 
proceed only by even parity alpha waves: Z = 0 , 2, 4, 6, 
• • •. In addition, the selection rule involving K restricts 
the values of L to L> \Kf—Ki\, which for the present 
case means that i £=4 , 6, •••. If L>Kf+Kif alpha 
decay can take place not only between states of Ki and 
Kf but also between states of Ki and —Kf. The theory19 

indicates the following relationship should hold: 

Ki and Kf, HF^/hi} are the intrinsic hindrance factors 
between states of Ki and -—Kf, and the other values 
have the same meanings as given earlier. The values of 
HFL and &L are treated as adjustable parameters, but 
they could be calculated from the Nilsson wave func­
tions.21 This type of analysis of appropriate transitions 
in Cm243 decay has given satisfactory agreement with 
the theory.21'25 For the a transition f H > J + in Fm255 

25 F. Asaro, S. G. Thompson, F. S. Stephens, and I. Perlman, 
Bull. Am. Phys. Soc. 2, 393 (1957). 

P^PEY. ~ , (3) 

L H F L 
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FIG. 7. Nilsson diagram for odd-neutron nuclei. (Reference 2.) 

decay, only the L-
the transition f + 

4 wave is possible as is the case for 
» §+ . The assumption will be made 

that only the L~4 wave is of significance in the other 
transitions as well. 

Table VII shows experimental and calculated intensi­
ties to the various members of the K~\ band for an 
L—4 alpha wave with 6=+0.2. The agreement is 
moderately good. 

The spin assignments to higher energy states are 
made by comparison with the predicted Nilsson levels, 
which are discussed in the next section. 

VI. NILSSON LEVEL ASSIGNMENTS 

The energy levels in the region of strong deformation 
have been explained with considerable success in terms 
of Nilsson single-particle orbitals.2'3 These are the calcu­
lated levels26 in a spheroidal potential well. A diagram of 
the neutron levels for the region of interest is shown in 
Fig. 7. These states are described by the quantum 
numbers Q-7r[_NnzA^2' ^ *s the projection of the particle 
angular momentum, j , on the nuclear symmetry axis 
and has parity, w. For the relatively low-energy odd-
mass states, tt=K=Io, where Jo is the lowest spin in 
the rotational band based on 12. N is the total number of 
nodes in the wave function. The number of nodal planes 
perpendicular to the nuclear symmetry axis is denoted 
by nz while A and 2 are the orbital and intrinsic spin 
components of 12, respectively. We shall indicate the 

relative orientation of A and S by means of an arrow 
which has the usual spin-up, £2=A+J, or spin-down, 
fi=A— | , meaning. For Fm255 with 155 neutrons and 
iT==|, the most reasonable Nilsson state assignment is 
| + [613 f]. This would also be the assignment for the 
K= | band in Cf251. The ground state of Cf251, with K=% 
and the same parity as the f + band, is very likely the 
state J + [620f J. The decoupling parameter, a, can be 
calculated for this level from the given wave functions.26 

For a deformation (rj) of 6, the calculated value of a is 
+0.29 in good agreement with the experimental value 
(see Table VII and corresponding text). 

As was discussed earlier, an E2 transition between 
the i T = | + and K=J+ rotational bands occurs with a 
retardation of only 12 over the single proton transition 
rate. This transition is K forbidden in that 2<\Kf—Ki\y 

and it has been found that K forbidden transitions are 
usually retarded by ^102 for each unit of K forbid-
deness. The relatively small retardation which we ob­
served can be explained if we assume an interaction 
between the two near lying states at 106 keV, each with 
spin f. 

The 106-keV level with a K of f would then have a 
small admixture of K~ J and the close lying level with 
K—% would have the same admixture of K=%. This 
admixture can be calculated if we assume that the 81.1-
keV E2 is due to the K— \ admixture in the K=%} I~\ 
state. This transition will then be collective in nature 
and have a transition probability roughly equal to the 
product of the single proton value, a factor of 200 due 
to the collective nature,27 the square of the appropriate 
Clebsch-Gordan coefficient (0.26), and the unknown 
admixture. The unknown admixture, "a2", is then 
easily calculated to be 0.2%. If we had assumed instead 
that the 80.5-keV transition was the interband transi­
tion, the calculated admixture would have been even 
smaller. Thus, for the 106-keV states the calculated ad­
mixture of K—\ state is <0.2%. Both of the two 81-
keV transitions have intensities of at least 16% as 
can be seen from Table II. From the alpha population 
expected from Eq. (3) or the amount expected from a 
0.2% admixture of K—%y it is difficult to see how the 
direct alpha population to this state with K=%, I~\ 
could be greater than 0.5%. This can be confirmed by 
another line of reasoning. If the interband 81-keV JS2 
transition is "slow" because of K forbiddeness, the 
other intraband 81-keV transition should not decay 
with the same half-life unless it is from a state not 
directly populated in alpha decay. Therefore, the K= J, 
7 = | state would then lie lower in energy than the 2T=f, 
7 = | state and would be populated by a gamma-ray 
transition from the K=% state. The 81.1-keV gamma 
ray would drop from the K=$, Z = | state and the 80.5-
keV gamma ray would drop from the K—%, I=% state. 

26 S. G. Nilsson, Kgl. Danske Videnskab. Selskab, Mat. Fys. 
Medd. 29, No. 16 (1955). 

27 K. Alder, A. Bohr, T. Huus, B. Mottelson, and A. Winther, 
Rev. Mod. Phys. 28, 439 (1956). 
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As these gamma rays both presumably populate the 
spin f state, the energy difference between the two 
spin | states and the energy of the transition between 
them is 0.56 keV (Table II). 

If the foregoing analysis is correct it should be possible 
to calculate roughly from the appropriate Nilsson wave 
functions,26 the Ml transition probability of the 58.3-
keV transition between the i£=f, 7==| state and the 
J£=§, / = § state. With the previously calculated ad­
mixture, a nuclear deformation (rj) of 6 and values of 
gr=Z/2A and gs=— 2.6 as given by Rasmussen and 
Chiao,28 the calculated Ml transition probability for 
the 58.3-keV transition is f of the observed value. We 
do not believe that this disagreement seriously affects 
the interpretation as the highly retarded Ml transition 
would be very sensitive to details of the nuclear wave 
functions and admixtures of other states. The 58.3-keV 
transition should have an El component, but the in­
tensity of its conversion lines, as determined29 from the 
appropriate Clebsch-Gordan coefficients and the in­
tensity of the 81.1-keV transition is about 10% of the 
81.1-keV transition. This would have been below our 
limits of detection. 

It is also possible to calculate the intensity of the 
0.56-keV transition between the two spin f states. The 
Ml transition probability for this transition as calcu­
lated from Nilsson wave functions is over an order of 
magnitude higher than that of the 58.3-keV transition 
for conversion in comparable shells. The restrictions 
on the conversion opportunities of the 0.56-keV transi­
tion (0 shell and higher shells) bring its calculated Ml 
transition probability to about equal to that of the 
58.3-keV transition. The E2 component of the 0.56-keV 
transition (as determined from the appropriate Clebsch-
Gordan coefficients and the intensity of the 81.1 
transition) would be about \ of the intensity of the Ml 
component. The total calculated transition intensity 
for the Ml and E2 components is ^ 2 5 % of the alpha 
decay. 

This value may be compared with the intensity of 
the 80.5-keV transition, 16%. The agreement is fortui­
tously good considering the approximations involved. 
There should be a predominantly Ml transition of 
57.8 keV from the i£=§, / = ! state to the spin f state. 
If this spin § state decays in nearly the same manner 
as the K=i, J = | state, then the intensity of the 57.8-
keV transition would be about \ of the 58.3-keV transi­
tion or below our limits of detection. 

The interaction we have proposed between the two 
spin | states at 106 keV would be due to the Coriolis 

28 J. O. Rasmussen and L. W. Chiao, in Proceedings of the Inter­
national Conference on Nuclear Structure at Kingston ,$Canada 
(University or Toronto Press, Toronto, 1960), pp. 646-649. 

29 G. Alaga, K. Alder, A. Bohr, and B. R. Mottelson, Kgl. 
Danske Videnskab. Selskab, Mat. Fys. Medd. 29, No. 9 (1955). 

force.30 Using Nilsson wave functions we calculated the 
interaction between the two close lying spin § members 
of the Nilsson states £+ [6201] and | + [613 f] via 
the various 0 = f and 0 = f states with N=6 as inter­
mediaries. The energies of the various states were 
determined from the Nilsson eigenvalues for iV=6 with 
the exception of the §+ [622 JJ state which was 
arbitrarily placed at 230 keV. The splitting between the 
two spin | states was taken as 0.56 keV. The calculated 
relative admixture, "a2", of the two spin f states in 
each other was ~0.7%, in reasonable agreement with 
the value, 0.2%, inferred from the transition 
probabilities. 

The state at 546 keV de-excites to a f + state at 106 
keV by cascading El and Ml transitions. It thus should 
have odd parity and can have a spin between f and 
11/2 inclusive. The only state in this region which satis­
fies these requirements is the 11/2— [734f]. The fact 
that the 11/2— state lies below the §+ state in Fig. 7 
is not disturbing because its position is determined by 
the placement of the 715/2 state at zero deformation, and 
this was selected somewhat arbitrarily. It is known, for 
example, that the §— [734 f] state should be about 
400 keV higher than the f + [624J] state,2-3 although it 
is shown at a lower energy in Fig. 7. 

VII. ALPHA DECAY THEORY AND SYSTEMATICS 

It has been shown empirically by Prior31 and theo­
retically by Mang21 that for hindered alpha decays be­
tween states in which 2 changes sign, the hindrance 
factors are about 103-104; an order of magnitude larger 
than those for which 2 does not change sign. In the latter 
category, with low hindrance factors, would be the alpha 
decay from the | + [613 f] state to the 11 /2- [7251] 
state (HF ^25). In the former category with high 
hindrance factors would be the decay to the f + [615 Q 
state (unobserved, HF> 1000), and the alpha decay to 
the f + [622].] state (unobserved). 

The alpha decay to the | + [620 f] state illustrates 
both types of hindered decay. As seen in Eq. (3) there 
are two interfering components in this decay; the major 
component goes from i£*=J ( | + [613 fj) to i£/=J 
(!+ [620t]), with a hindrance factor, HFL, of 160. 2 
does not change sign for this decay, and as expected the 
hindrance of the first L=4 alpha-wave component is 
low. The second component goes from -£"»•=§ ( | + 
[613 O to Kf^-l ( - £ + [620 J,]) with an alpha-
wave hindrance factor, HFL/bL

2, of 4000. 2 does change 
sign for this component of the decay and as expected 
the hindrance factor is higher. Thus, the measured alpha 
decay hindrance factors for the given state assignments 
are consistent with the present knowledge of hindered 
alpha decay. 

30 A. Kerman, Kgl. Danske Videnskab. Selskab. Mat. Fys. 
Medd. 30, No. 15 (1955). 

31 O. Prior, Arkiv Fysik 16, 15 (1959). 



B300 A S A R O , B J 0 R N H O L M , A N D P E R L M A N 

ACKNOWLEDGMENTS 

The authors wish to express their appreciation to 
Dr. F. S. Stephens for many helpful theoretical discus­
sions, concerning the Coriolis interaction, to Dr. Sher­
man Fried, Dr. Kenneth Hulet, and the Berkeley and 

Livermore heavy-element production groups for the 
radioactive materials, to Mrs. Helen V. Michel for her 
considerable effort in the E-Fm separations, and to 
Duane F. Mosier for his aid in the measurement of the 
Fm255 half-life. 

P H Y S I C A L R E V I E W V O L U M E 1 3 3 , N U M B E R 2 B 27 J A N U A R Y 19 64 

Reference Spectrum Method for the Boundary-Condition Model of Nuclear Forces 
M. RAZAVY 

Institute of Theoretical Physics, "University of Alberta, Edmonton, Alberta, Canada 

DONALD W. L. SPRUNG 

Physics Department, McMaster University, Hamilton, Ontario, Canada 
(Received 30 August 1963) 

The reference spectrum method of Bethe, Brandow, and Petschek for the calculation of the ground-state 
properties of nuclear matter is applied to the boundary-condition model of Feshbach and Lomon for the 
two-nucleon interaction. The short-range contribution to the reference G matrix is evaluated analytically, 
and the formulas needed for evaluation of the outer contribution given. The method is applied to a simple 
model interaction (boundary condition plus square well acting in S states only) and results compared with 
those from typical hard-core potentials. The correction terms to the reference approximation are found to 
be about one MeV per particle. The important region of intermediate state momenta in which the reference 
spectrum should be fitted, is again found to be near 4 F"1. 

I. INTRODUCTION 

IN a recent paper, Bethe, Brandow, and Petschek1 

have presented a reference spectrum method for 
calculating the properties of nuclear matter. The 
method has two aims: firstly, it provides a convenient 
and transparent method for carrying out the calcula­
tions of the Brueckner2 theory, and secondly, it provides 
more insight into the role of the two-body interaction 
in determining the properties of the many-body system. 
In this respect it follows the line of development of 
Moszkowski and Scott,3 and of Gomes, Walecka, and 
Weisskopf.4 In all of these papers, the two-body inter­
action has been considered to contain a repulsive core. 

An alternative representation of the two-body inter­
action is provided by the boundary-condition model 
(denoted BCM) of Feshbach, Lomon, and collabo­
rators.5 Here the long-range parts of the force are de­
rived from a potential, which can largely be taken from 
theory as the one-pion exchange potential and some 
version of two-pion exchange. The short-range forces, 

1 H. A. Bethe, B. H. Brandow, A. G. Petschek, Phys. Rev. 129, 
225 (1963). This paper is denoted BBP in the text. 

2 Among the numerous papers by Brueckner and collaborators, 
K. A. Brueckner and J. L. Gammel, Phys. Rev. 109, 1023 (1958) 
may be consulted for other references. 

3 S. A. Moszkowski and B. L. Scott, Ann. Phys. (N.Y.) 11, 65 
(1960). 

4 L. C. Gomes, J. D. Walecka, and V. F. Weisskopf, Ann. Phys. 
(N.Y.) 3, 241 (1958). 

6 H . Feshbach and E. Lomon, Phys. Rev. 102, 891 (1956). 
H. Feshbach, E. Lomon, and A. Tubis, Phys. Rev. Letters 6, 635 
(1961). 

about which experimental evidence is most equivocal, 
are represented by an energy-independent boundary 
condition on the wave function at a fixed radius about 
one-half pion Compton wavelength. The view is that the 
interaction energy at short radii is very large compared 
to the bombarding energy used in the study of the 
forces. This model provides a good fit to phenomenologi-
cal phase shifts, which at least shows that our knowledge 
of the form of the two-body force at short radii can be 
reduced to a small number of boundary-condition 
parameters. I t is therefore of interest to see the pre­
dictions of the BCM for nuclear matter, and to compare 
these with the predictions of hard-core potentials. Some 
progress in this direction has been made by Lomon and 
MacMillan.6 Their method is the direct one of solving 
the G-matrix equations in momentum space. 

In this paper we apply the reference-spectrum 
method of BBP to the boundary-condition model. This 
provides us with a simple method of calculating the 
properties of nuclear matter, and further it allows us to 
calculate in coordinate space where the BCM is in­
tuitively more meaningful. This development is con­
tained in Sec. II , I I I , and IV. We adhere closely to the 
notation of BBP in order to facilitate comparison with 
their work, and for sake of brevity to avoid rederiving 
numerous results. In Sec. V and VI, the method is 
applied to a nonrealistic but simple .model interaction. 

6 E . Lomon and N. MacMillan, Ann. Phys. (N. Y.) 23, 439 
(1963). 


