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months has been located in the High Voltage Building, working on reactor theory. 

G. G. Slaughter 
(Neutron Veloci ty Selector), and H. 0. Eason (Scint i l lat ion Spectrometry). 

X UNCLASSIFIED 



UNCLASSIFIED 

. 

PHYSICS Dl VI S I 0  N 
SEMIANNUAL PROGRESS REPORT 

A HI GH-IN TENS ITY PROTON SYNCHROTRON 
T. A. Welton 

The high-energy proton beam (/3 = 0.86) from the 
proposed ORNL 900-Mev AVF cyclotron appears to 
be potentially advantageous for inject ion into a 
high-energy synchrotron ring. The claimed ad- 
vantages are as follows: 
1. small frequency swing (-16%) required for 

acceleration in  synchrotron, 
2. low importance o f  space-charge effects at  in- 

jec t i on, 
3. low importance of gas scattering effects at  

i n  jec t i an, 
4. low importance of eddy-current and remanent 

f ie ld effects at  injection, 
5. possibi l i ty  of synchronizing injector pulses 

with the phase equil ibr ia in  the synchrotron, 
6. possibi l i ty  of simultaneously using the injector 

as an extremely high intensity proton source 
for experimental purposes. 

The obvious di f f icul t ies are as follows: 
1. the high cost of such a cyclotron relat ive to a 

conven ti ona I in i ec tor, 
2. the low phase density which characterizes 

cyclotron beams, again relat ive to the beams 
of conventional injectors, 

3. the known di f f icul ty of extract ing cyclotron 
beams with reasonable efficiency, 

4. the possible di f f icul ty of designing an effect ive 
inf lect ion scheme to operate with a beam of 
such high energy. 

Advantage 1 can be effect ively ut i l ized by making 
the radio-frequency accelerating system highly 
resonant, with a large voltage gain per turn (-2Mev). 
This, in  turn, al lows a pulse to  be accelerated and 
delivered at  high energy (8-12 bev) in  about 

'/120 sec. Thus, i f  the magnet were pulsed a t  
60 cps, or i f  o f ixed-f ield magnet were used, very 

high pulse rates could be obtained, as compared 
with exist ing machines. Note that wi th the low 
frequency swing required, it i s  actual ly real ist ic 
t o  expect that the required voltage gain could be 
obtained from simple radio-frequency equipment. 
In  the studies which have been performed, i t has 
been fel t  that the low cost associated with the 

pulsed machine outweighs the higher ult imate 
performance achievable with the f ixed-f ield ma- 
chine, but no real optimization has been attempted. 
Again, considerations of magnetic stored energy 
and the cost of the condenser bank required to 
store it have made an AG machine with reasonably 
high v value appear most promising, part icularly 
i n  view of the experience which w i l l  be obtained 
with a machine of this type in  the next few years 
by the work on the Cambridge Electron Accelerator. 

Advantages 2 and 3 probably serve only to 
guarantee that these two effects w i l l  not interfere 
wi th the formation of pulses a t  injection. (They 
do not seriously interfere i n  conventional machines!) 

Advantage 4 makes the design of the magnet and 
i t s  compensating windings considerably simpler 
than in  conventional machines which in ject  at  about 
'/5 the f lux density here envisaged. 

Advantage 5 makes it possible to achieve ex- 
tremely precise frequency control in  the synchro- 
tron, since the beam enters automatically bunched 
and properly phased so that unusually low ampli- 
tudes of synchrotron osci l lat ion result. The in i t ia l  
frequency standard is  the cyclotron oscillator, and 
the bunched beam thereafter w i l l  supply a very 
accurate internal standard, as the magnetic f ie ld 
rises. 

Advantage 6 w i l l  be mentioned subsequently. 

As for the dif f icult ies, the f i rs t  (high cost of the 
injector) i s  fe l t  to be amply offset by the increased 
performance which the injector makes possible for 
the synchrotron, as wel l  as by the fact (advantage 
6) that the injector i s  a highly useful experimental 
tool in i t s  own right. 

Di f f icul ty 2 actually need not hold (see later 
discussion) for an AVF cyclotron; there i s  good 
reason to believe that a 900-Mev-frequency cyclo- 
tron can be constructed with a beam quali ty and 
intensity superior to those of a linear accelerator. 

D i f f i cu l ty  3 disappears i f  d i f f icul ty 2 can be 
overcome as indicated, since extraction of the 
beam o f  a circular machine is  always predicated 
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on the ease with which separate turns of the orbits rather than by the pecul iari t ies of conventional 
can be distinguished. cyclotron construction, can easi ly be equal or 

Di f f icul ty 4 is serious i f  no attempt i s  made to superior to  the beam characteristics of a linac ar 
go beyond exist ing techniques, but a procedure 
w i l l  be reported in a later paragraph which makes 
i t  plausible that multiturn inject ion a t  900 Mev can 
be obtained in an AG synchrotron. 

A simple explanation of how di f f icul ty 2 i s  to be 
overcome i s  possible. The AVF cyclotron i s  
simi lor to a conventional cyclotron in i t s  ion source 
and in the fact that the radial focusing frequency 
i s  unity (u, = 1) in i ts central region. It differs in 
the arrangement o f  i ts  accelerating electrodes and 
in  the possibi l i ty  that the axial  focusihg frequency 
can be given a posit ive value, starting at  the ion 
source. Magnetic-field errors (mainly with cos 8 
angular dependence) w i l l  disturb the radial motion 
in any cyclotron, by integral resonance a t  v, = 1. 
Th is  effect w i l l  be somewhat reduced in the AVF 
cyclotron because of the increase of v, with energy, 
but by reasonable shimming it can apparently be 
suff ic ient ly reduced in any event. It seems un- 

electrostat ic generator. 
It should be noted that no resonance in the range 

between 0 and 900 Mev is expected to produce 
observable alteration o f  beam quality. Further, 
the integral resonance at  900 Mev (v, = 2), in con- 
junction with high beam quality, i s  exactly what 
i s  needed for eff icient extraction by an obvious 
extension o f  the LeCouteur scheme. 

It i s  fe l t  that a successful machine w i l l  depend 
on the development of multiturn inject ion tech- 
niques, in order that the small pulse s ize charac- 
terist ic of presently planned AG machines w i l l  not 
more than cancel out the intensity advantage o f  
rapid pulsing. A technique has therefore been 
devised, cal led “r-f resonant inflection,” by which 
the theoretically avai lable phase space in the AG 
synchrotron can be f i l l ed  wi th reasonable eff iciency 

(b-3). Note that a similar technique should be 
possible for any AG or CG machine. 

l ikely that cos 28 f ie ld errors w i l l  play a noticeable Assume that pulses are entering the synchrotron 
role, but shimming w i l l  suff ice in case they do. from the cyclotron. The synchrotron magnetic 

The most important resonance effect seems to be f ie ld  is held constant during inject ion (small varia- 
that arising from the cos 28 electr ic-f ield corn- t ion i s  allowable) at  such a value that the orbital 
ponent (strongly present when there are two ac- frequency i s  a submultiple of the pulse frequency 

. celerating gaps per revolution). This yields a from the cyclotron. The synchrotron accelerating 
half-integral resonance with the radial focusing cavi t ies are driven, during injection, at  the same 
motion and a consequent tendency toward expo- 
nential increase of any radial amplitude in i t ia l l y  
present. This tendency w i l l  be absent (as shown 
by extensive numerical calculations, and also by 
the general nonlinear orbit  theory) i f  there are four 
or more accelerating gaps. 

Normally, a cyclotron, lacking axial focusing a t  
first, depends for i t s  y ie ld on the relat ively rare 

frequency as that of the cyclotron r-f  system and 
at  a phase such that each incoming pulse finds 
i t se l f  clustered around a position of  phase equi- 
librium. Preparatory to injection, quadrupoles 
have been powered to move the operating point 
s l ight ly to make u, equal to  a quarter integer (the 
integer not being div is ib le by two or four!). 

An injected pulse has a certain spot size at  the 
protons emerging from the source suff ic ient ly mouth of the channel, and the channel must be 
close to  z = 0, wi th dz/dO small enough so that the separated from the accelerating region by a mag- 
axial  defocusing w i l l  nevertheless al low them to  net ic septum. L e t  the vert ical spot size and 
survive. To compensate for th is extremely poor divergence be such as to f i l l  the avai lable vert ical 
vert ical acceptance, the radial acceptance is then 
made very large. The resulting beam, poorly de- 
fined radially, i s  then possibly made much worse 
by the above-mentioned exponential amplitude 
growth due to  the dee system. 

The planned 900-Mev cyclotron w i l l  have posit ive 
axial  focusing a t  the ion source to  avert the 
problem of low axial  acceptance and w i l l  accelerate 
wi th four or more gaps to preserve the in i t ia l  beam 
quality. It i s  then claimed that the output beam 
characteristics, determined by the ion source, 

aperture. The spat w i l l  be imaged radial ly after 
four revolutions, and in this time the radial ampli- 
tude must have been reduced by an amount equal 
to  the radial spot size plus the septum width. 
This can be accomplished in an elegant way by 
providing one or two cavities, tuned to one-quarter 
o f  the frequency of the accelerating cavit ies and 
arranged with their electr ic f ie ld having a radial 
component (“slant gap”). These slant cavit ies 
can then systematically reduce (or later increase) 
the radial amplitude by the required amount. In 

2 



P E R I O D  E N D I N G  M A R C H  10, 1957 

addition, i f  the angle of slant is  made smaller 
near the desired equil ibrium orbit, the form of the 
pulses in a radial phase plot can be molded to 
make possible much more ef f ic ient  packing in the 
available aperture. Preliminary studies indicate 
that ten-turn injection in  an aperture l i ke  that in  
the Cambridge Electron Accelerator should be 
considered quite feasible, with a result ing average 
output current of several microamperes of protons 
a t  8 bev. More important, it seems that the theo- 

ret ical ly available aperture, which must always be 
paid for in‘terms of f ie ld energy, can now be used 
with real efficiency. 

The preliminary calculations described above 
are being extended, with some attempt at  optimi- 
zation. In addition, a promising procedure i s  
being explored for ef f ic ient  beam extraction from 
an AG synchrotron, using some elementary results 
from the recently developed nonlinear orbit theory. 

AN INTERNAL-CONVERSION COEFFICIENT FOR THE 5p ELECTRON SHELL IN XENON 

A. H. Snell 

An unusual opportunity to evaluate an internal- 
conversion coefficient for the outermost electrons 
of an atom is  presented by the meo~urement ’ ’~  
of the charge spectrum of stable Xe131, fol lowing 
the isometric transition that constitutes the 12-day 
act iv i ty of Xe131rn. A single nuclear transition 
with an energy of 163 kev i s  involved, and it has 
been classif ied4 as predominantly M4. Since there 
i s  no change in nuclear charge and no electron 
loss from a consequent sudden perturbation” of 
the electron cortege, a l l  ions are the result of 
internal conversion. We are here particularly con- 
cerned with the observation that singly charged 
ions are produced in 0.62% of the decays, for the 
singly charged ions must represent the occasions in 
which only the original conversion electron leaves 
the atom; no radiationless transitions can be in- 
volved in  the reorganization of the electron shells. 
The situation lends i t se l f  to analysis in  terms o f  
fluorescence yields and x-ray l ine intensities, 
because at any point in  the electron shel ls the 
fluorescence yield gives the probabil ity of avoiding 

’Summer research participant from Florida State Uni- 
vers ity. 

’F. Pleasonton and A. H. Snell, Roc.  Roy .  SOC. 
(London) (in press). 

3A. H. Snell and F. Pleasonton, Phys .  R e v .  102, 
1419 (1956). 

41. Bergstrb’m e t  al., Arkiu Fys ik  7, 255 (1954). 
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an immediate radiationless transition, and the 
relat ive x-ray intensities point to  the relat ive 
probabil it ies of the next allowed steps in h e  
radiative cascade leading to the outside of the 
atom. Such an analysis has been attempted,’ and 
i t  leads broadly to  the conclusion that the great 
majority of the ions of charge 1 result from a com- 
bination of (1) direct internal conversion in the 
outermost (5p) shell of xenon, and (2) K-shel l  
conversion followed by emission of the (5p-Is) 
x-ray line. (We exclude the 5s electrons because 
radiationless transitions appear to be energetically 
possible in  which a 5s vacancy can be f i l l ed  by a 
5p electron with the eject ion of another 5p electron. 
This  process would then be expected to dominate 
the (5p-5s) radiative transition so completely that 
internal conversion in  the 5s electrons would 
almost certainly lead to  ions of charge 2.) 

In the intervening shel ls the fluorescence yields 
are so small that any internal conversion or x-ray 
cascade involving the creation of a vacancy in  
that region wil l ,  with high probability, produce a 
radiationless transition, with the result that the 
atom w i l l  be thrown into a state of higher charge. 
Indeed, the estimate given previously’ indicates 
that only about 0.02% of the decay events lead to  
internal conversion in the intervening shel ls plus 
a subsequent cascade of pure x-ray transitions, 
leaving 0.60% to be attributed to the two main 
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processes mentioned above, We can state the 
situation in a simple equation: 

( I )  p 5 p  + P l s W K A 5 p l s  = 0.0060 k 0.0008 , 

where p5p and P l s  are not internal-conversion 
coeff icients in the usual usage o f  the term but are 
internal-conversion probabilities in the sense that, 
given an internal conversion, they express the 
l ikel ihood that i t take place in the or Is shells; 
thus the sum of the p ' s  for a l l  shel ls i s  unity. 
The internal-conversion coeff icients for the K ,  L ,  
and M shells are known e ~ p e r i m e n t a l l y ~ * ~  to be 
29, 12.7, and 4.3, respectively, so we can evaluate 
plS  = 0.62. The fluorescence y ie ld  w K  for the 
Is shell  has the ~ a l u e ~ , ~  0.86. The symbol A 5 p l s  
represents the radiation probabil i ty of the last  
and faintest l ine o f  the K series in xenon relat ive 
to  that o f  the total K series as unity. It appears 
to  be experimentally unknown, so we attempt to  
calculate it by the use o f  atomic wave functions 
and thus arrive a t  an evaluation o f  p5  . 

For the Is-np series, the relat ive efectr ic dipole 
transit ion probabil i t ies may be estimated by means 
o f  the formula 

where, i n  view of the identi ty of the spin and 
angular factors, c i s  the same for a l l  members o f  
the series. To obtain reasonably accurate est i -  
mates of these transition probabilities, it i s  v i ta l  
that the np radial wave functions be quite accurate 
i n  the neighborhood of the Is shell. Calculotions 
wi th screened coulomb functions and with an ana- 
l y t i ca l  wave function which approximated those 
expected in a Fermi-Thomas atom led to  rather 
unreasonable answers because of their inadequacy 
in the Is shell  region. Fortunately, the fact that 
Hartree functions are available' for Cs', which i s  
isoelectronic with xenon, makes possible a rather 
rel iable estimate of the transition probabilities. 

For convenience in tabulation, the radial func- 
t ions ( P n l )  given by Hartree are unnormalized, and 

normalization constants ( N n l )  are given to  f ive 
signif icant figures. To  minimize the effects of 
errors of mechanical integration, the calculations 
have been carried out in a way which takes ad- 
vantage of the close agreement of ' /2pZp, pgP, 
P4p, and P in the region o f  small T .  In essence, 
the mechanical integrations were carried out with 
small  differences, and the work was arranged so 
that i t was unnecessary to evaluate common fac- 
tors. The f inal formula took the form 

SP 

where k i s  a constant and pi  are ratios, small  
compared with 1, which are calculated from the 
differences between the radial p functions. Choos- 
ing  k so that the four transition probabilities add 
up to unity, the fol lowing results were obtained: 

R e  la tive Pro ba bi I i ties 

(Ca Iculated) 
Trans i t ion 

Als2p 
A l s 3 p  
A l s 4 p  
A l s 5 p  

0.8122 
0.1559 
0.0289 
0.0030 

The changes in these relat ive probabil i t ies in 
going to  neutral xenon are expected to  be small, 
although a truly quantitative estimate would re- 
quire a rather involved calculation, since the 
readjustments of the entire electron clouds are 
involved. Qualitatively, one would expect the 
change to be such that the higher terms in the 
series A l s n  would become smaller on the follow- 
ing  physica'! grounds: The addition o f  one extra 
negative charge to the nucleus w i l l  have only a 
S I  ight d i rect  ef fect  on the Is and np wave functions 
i n  the neighborhood o f  the Is shell, since the 
nuclear charge i s  so great. On the other hand, the 
outer part of the 5p wave function, which i s  
screened from the nucleus by about 37 units, moves 
out more markedly, wi th a consequent reduction 
in the magnitudes of the inner antinodes. Th is  
renormalization effect i s  not expected to be large 
for a change of nuclear charge of only one unit. 
On the basis of pure scal ing  consideration^,^ it i s  

5 1 .  BergstrSm, Arkiv Fys ik  5, 191 (1952). 

6 ~ .  D. Brayles, D. A. Thomas, and s. K. Haynes, 

'E. H. 5. Burhop, The Au e r  Effect  and Other Radia- 
t i o n f e s s  Transi t ions,  p 48, faambridge University Press, 
Cambridge, England, 1952. 

'D. R. Hartree, Proc. Roy. SOC. (Londwz) A143, 506 
(1 934). 

Phys .  Rev .  89, 715 (1953). 

9D. R. Hartree, The  Calculat ion of Atomic  Structures, 
p 116, Wiley, New York, 1957. 
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estimated that the effect would change the value 
o f  A l s S p  to 0.0029. Using Eq. 1, one then obtains 

obviously be obtained by a separate, direct com- 
putation; such a computation i s  being considered . -  

(4) = 0.0045 f 0.0008 . 
P'P 

by keen.  

The use of the charge spectrum for determining 
It would appear that the predominant part of the outer-shell conversion coeff icients in  th is manner 
sum represented in Eq. 1 i s  due to internal con- i s  not l ikely to f ind wide applicabil ity. The 
version in the 5p shell. requirements that the element be i n  the form o f  a 

The corresponding internal-conversion coeff icient monatomic vapor and that a single isomeric transi- 
takes the value 0.21 i 0.03 when expressed in con- tion be involved as a pure act iv i ty are so restric- 
ventional terms. An independent check would t ive that the case of Xe13 lrn may be almost unique. 

PHENOMENOLOGICAL NUCLEAR POTENTIALS FOR 0 '' 
H. 0. Cohn 

The neutron d i f feren t i a I e las t i c-sca tter ing cross 
sections for oxygen and beryll ium have been 
measured's2 as a function o f  angle at a number of 
energies between 0.7 and 2.0 MeV. Neutrons were 
produced by the H3(p,n) reaction in a gas ce l l  by 
protons accelerated with the 5.5Mv Van de Graoff 
machine. The neutron energy resolution was about 
50 kev fu l l  width a t  /2 maximum. Scattered neu- 
trons were detected with a shielded recoi l  counter 
by a standard t e ~ h n i q u e . ~ , ~  The scattering samples 
were B e 0  4 %  in. long and ?'or '/s in. in diameter 
and beryll ium samples of the same length and con- 
taining the same number o f  beryll ium nuclei as i n  
the Be0 samples. Runs were made with a B e 0  
sample, with a beryll ium sample, and w i th  no 
sample. 

Some of the experimental results are given i n  
Fig. 1. On the right-hand side is a curve of the 
total cross section of oxygen taken from the litera- 
ture.' The resonance which shows up as a dip at 
2.37 Mev indicates that the s-wave potential phase 
sh i f t  is  about 90 deg a t  this energy. The arrows 

1 

'J. L. Fowler ond H. 0. Cohn, BULL Am. Phys .  SOC. 

2H. 0. Cohn and J. L. Fowler, Ph s. Semiann. Prog. 

3H. 6. Willard, J. K. Bair, and J, D. Kington, P h y s .  

4J. L. Fowler and C. H. Johnson, Phys.  Rev .  98, 728 

'C. K. Bockelman et  af., Phys .  Rev .  84, 69 (1951). 

2, 32 (1957). 

Rep .  Sept .  10, 1956, ORNL-2204, p 3 l .  

Rev .  98, 669 (1955). 

(1955). 

J. L. Fowler 

indicate the energy a t  which the dif ferential cross- 
section curves on the left-hand side are measured. 
For the data on the left-hand side, the center-of- 
mass dif ferential cross section, in  barns, is  plotted 
against the cosine of the center-of-mass angle as 
the abscissa. The data have been corrected for 
multiple scattering and for a s l igh t  change of 
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Fig. 1. Differential Cross Sections of Oxygen in  the 
0.7- t-o 2.0-Mev Ronge. 
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counter eff iciency with energy. The curves are 
theoretical f i ts  to the data, and the phase shif ts 
required are given beside each curve. A change of 

any phase shi f t  by 5 deg gives an appreciably 
worse f i t  to  the experimental data. 

In Fig. 2 the dif ferential cross section a t  the 
1-Mev resonance i s  plotted against the cosine of 
the center-of-mass angle. The mult iple scattering 
correction in this case was quite complicated, 
since the scattered neutrons have their energy 
reduced below the resonance energy. Since at  some 
angles this correction amounted to about 30% and 
since various approximations to this correction 
differed by ’/3 of th is amount, the errors on each 
point were increased stat ist ical ly by /3 of the 1 

1.0 0.6 0.2 -0.2 
cos 4 

U N C L A S S I F I E D  
ORNL-LR-OWG 1 9 8 4 7  

6 d 3/2 = + 90 d e g  

A E =  50  kev 

1 

-0.6 -1.0 

Fig. 2. Differentiol Scottering of Neutrons by-Oxygen 

at the 1-Mev Resonance. 

mult iple scattering correction at  the point. The 
theoretical curve through the data i s  calculated 
with an s-wave phase shi f t  o f  -62 deg and a d 3 / 2  
resonance averaged over 50 kev due to  the neutron 
energy spread. 

Figure 3 i s  a plot  of h e  phase shi f ts given i n  
the last  figures vs neutron energy. For the p3,2 
and d 3 / 2  phase shif ts the curves go through 90 or 
270 deg a t  resonance energies with a slope given 
by the width of the resonance.’ Within 55 deg, 
the P , / ~  phase shi f t  i s  zero up to 1.75 MeV, as 
Okasaki has observed6 below 700 kev. The un- 
certainty of the s-wave phase shift, the sine of 
which i s  larger than that of the other phase shif ts 
except near resonances, is determined primarily 
by that of the total cross section. 
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Fig. 3. Phase Shifts for Scattering of Neutrons by 

Oxygen. 

It has been pointed out p rev ious ly ’~ ’  that the 
s-wave neutron scattering phase shi f ts for zero- 
spin light nuclei can be calculated under the 
assumption that the effect o f  the nucleus on the 
neutron is that o f  a simple stat ic potential. For 
0l6 scattering this should be especial ly true, 
since i n  this case both the neutrons and the pro- 
tons form closed shells. In Fig. 4 the s-wave 

6A. Okosoki, Phys.  Rev. 99, 55 (1955). - 
‘J. L. Fowler, Ph S. Semiann. Prog. Rep. S e p t .  10, 

1956. ORNL-2204, p {O. 
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Fig. 4. The s-Wave Phase Shifts for Neutron Scat- 

tering from Carbon and Oxygen. 

phase shif ts for 0l6, as we l l  as those for C12, 
have been replotted. Below 700 kev the oxygen 
points are from the data of Okasaki.6 In the case 
of 017 there i s  a j = /2+ single-particle level at  
-3.27 Mev below the 0l6 + n unbound state.* 
I f  one requires that the average potential which 
describes the elast ic-scattering data also gives 
the correct position of this 2s bound state, one 
finds for a square wel l  only one set of parameters 
i s  possible. A wel l  35 Mev deep and 4.2 x 
cm in radius f i t s  the required conditions. For 
the case of carbon, wi th the corresponding bound 
state at  -1.86 MeV, the we l l  i s  33.3 Mev deep with 
the same radius. Since it seemed unreasonable 
for oxygen and carbon to  have the same radius, 
the case o f  a wel l  wi th a dif fuse boundary was 
investigated.' W i t h  an exponential boundary which 
decreases with a l /e  distance o f  0.75 x cm, 
as indicated above each curve, equally good f i t s  

1 

'F. Aizenberg and T. Lauritsen, Revs. Mod. Phys .  

9A. E. S. Green and K. Lee, Phys.  Rev. 99, 772 (1955). 
27, 77 (1955). 

to  the data are obtained, and, furthermore, the 
central constant region of the potential wel ls 
varies as A l l 3 .  An exponential boundary was 
chosen, since the eigenvalue problem has been 
solved in this case by Green to  give bound-state 

Since the 1-Mev d 3 / 2  resonance o f  Fig. 1 is a 
single-part icle level, 10 it should be possible 
to  predict i t s  energy posit ion and the variation o f  
the d312 phase shi f ts wi th energy from the proper- 
t ies o f  the type of potentials used to  calculate 
the s-wave phase shifts. It i s  necessary t o  intro- 
duce a spin-orbit potential-energy term, and for 
th is  purpose the Thomas form i s  used. W i t h  an 
exponential wel l  which f i ts the 2s bound state 
and the s-wave phase shifts, and with the Thomas 
spin-orbit term increased by about the same factor 
found to be consistent with experimental data for 
much higher mass nucleiI1',l2 the dashed d312 
curve in Fig. 3 i s  obtained. The potential para- 
meters used were as follows: 

energies. 9 

where 

A very s l ight  adjustment o f  the factor mult ip ly ing 
the Thomas term would shi f t  the resonance to  
correspond to the 1-Mev level. W i t h  this potential 
the bound state occurs s l i & t l y  below the 
j = %+ ground state of O", which presumably i s  
the other member o f  the Id d ~ u b l e t . ~  By detai led 
f i t t ing  of these higher angular-momentum states 
and phase shifts, i t  may be possible to  establ ish 
i n  more detai l  the behavior o f  these phenomeno- 
logical nuclear potentials. 

'OR. K. Adair, Phys.  Rev. 92, 1491 (1953). 
"A. E. S. Green, Phys .  Rev. 104, 1617 (1956). 

12A, A. ROSS, H. Mark, ond R. D. Lawson, Phys .  Rev. 
102, 1613, (1956). 
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COULOMB EXCITATION OF 2’STATES IN EVEN-EVEN ISOTOPES OF TIN AND ZIRCONIUM 
P. H. Stelson F. K. McGowan 

The location o f  the f i rs texc i ted  state in several 
o f  the even-even t in  isotopes i s  known from radio- 
active-decay work. These levels are a t  1.30, 
1.28, 1.18, and 1.14 Mev for SII”~, Sn116, Sn”’, 
and Sn122, respectively. A composite gamma-ray 
peak with an average energy of 1.20 Mev was 
observed when a target of normal tin was bombarded 
by 9.0- and 10.0-Mev doubly ionized alpha part icles 
accelerated by the 5.5-Mv electrostat ic generator. 
Th is  spectrum i s  shown in Fig. 1 for the IO-Mev 
alpha-particle energy. The variation i n  gamma-ray 
y ie ld  wi th alpha-particle energy was consistent 
wi th that expected for coulomb excitation, and the 
angular distr ibution o f  the gamma rays exhibited 
the strong anisotropy characteristic of coulomb 
excitat ion of 2’ states. Having this evidence that 
coulomb excitat ion o f  t in  was measurable, samples 
o f  enriched isotopes were ordered to  obtain more 
detai led information. The targets o f  the enriched 
samples were prepared by sintering the metal l ic 
tin powders into thin fo i ls  !$ in. in diameter. 
These were mounted on 5-mil n ickel  target back- 
ings. The observed pulse-height spectra a t  an 
alpha-particle bombarding energy of 10.13 Mev for 
Sn116, Sn120, Sn1’’, and Sn124 are shown 
in Figs. 2 and 3. In addition to  the peak ascribed 
to  coulomb excitat ion of the 2’ state, the spectra 
show numerous other peaks. The origin of some 
o f  these i s  known; for example, the 340-kev peak 
results from the 018(%n)Ne21* reaction, but the 
rest  are not known. These are probably caused 
by small amounts of light-element impurities. In 
general, the observed gamma-ray energies are in 
agreement wi th those deduced from radioactive- 
decay work. The 2’ states for Sn1I8 and Sn124 
were not previously known. 

A single gamma ray wi th an energy of 0.92 Mev 
was observed when a target o f  normal zirconium 
was bombarded with 9.0-Mev alpha part icles (see 

Fig. 1). The 2’ states o f  Zr9’ and Zr94  are known 
to be a t  0.92 Mev from other work. 

Table 1 contains a summary of the information 
obtained on the gamma-ray energies, the gamma-ray 
yields, and the B(E2)ex. Table 2 contains the 
ha l f  l ives for the excited states and a comparison 
of the observed B(E2)d with that calculated for 
transitions between independent part icle states 
[B(E2)sp1. For the calculat ion o f  B(E2),p it i s  
assumed that the radius of the nucleus i s  1.2 x 

cm. 
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t 
Table 1. Summory of Gommo-Roy Yields and Reduced E2 Transit ion Probabi l i t ies for Exci tat ion o f  2 States 

i n  the T in  and Zirconium Isotopes 

B(E2)ex X I (gammas per Excitot ions per 

Target EY Ea microcoulomb) microcoulomb 

Sn116 1.268 9.13 3.36 104 3.54 io4  2.03 103 1.82 f 0.17 

10.13 8.58 x i o 4  9.07 lo4 5.72 103 1.65 f 0.14 

Snl l *  1.219 - 8.12 1.18 lo4 1.21 io4 6.95 X lo2 1.81 f 0.26 

9.13 4.62 x 104 4.75 104 . 2 . s  x lo3 1.93 f 0.14 

1.87 f 0.10 10.13 1.19 io5 1.23 105 6.88 x lo3 

S n l Z 0  1.155 8.12 

9.13 

10.13 

2.10 io4 

6.84 i o 4  
1.59 105 

2.08 x 104 

6.82 104 

1.59 i o 5  

9.85 x lo2 

3.39 lo3 

8.72 103 

2.21 f 0.26 

2.09 f 0.10 

1.90 f 0.07 

Sn’22 1.130 8.12 

9.13 

10.13 

2.71 i o 4  
7.89 104 

1.59 io5 

2.90 104 

8.46 i o 4  
1.71 105 

1.13 103 

3.80 lo3 

9.56 103 

2.67 f 0.35 

2.32 ‘f 0.22 

1.88 f 0.14 

sn124 1.128 8.12 

9.13 

10.13 

2.33 lo4 

6.13 104 

1.62 i o 5  

2.44 lo4 

6.43 104 

1.71 lo5 

1.15 103 

3.85 103 

9.66 103 

2.21 f 0.28 

1.74 5 0.12 

1.84 f 0.12 

Zr92a94 0.92 9.00 2.05 lo5 7.17 lo4 1.33 lo4 0.79 f 0.08 

t 
Table 2. Summary of the Information on the 2 States of the Even-Even Isotopes o f  T i n  

+ 
Columns 2 and 3 show a comparison o f  posit ions o f  2 states located from coulomb exci tat ion w i th  those o b  

tained from radioactive-decay studies; column 4 l i s t s  the best values for B(E2),,; column 5 gives the ha l f  

l ives for the excited states calculated from the observed B(E2),,; column 6 gives a comparison of the ob- 

served transit ion probabi l i t ies w i th  those expected for transit ions between independent part ic le states 

snl l4 1.30 

Sn116 1.268 1 0.010 1.28 1.73 f 0.13 5.0 1 0 - l ~  10.3 

Snl l8 1.219 1 0.010 1.87 f 0.13 5.6 1 0 - l ~  10.9 

Sn’” 1.155 f 0.010 1.18 2.00 f 0.11 6.9 1 0 - l ~  11.4 

Sn122 1.130 10.010 1.14 2.03 f 0.17 7.5 1 0 - l ~  11.3 

~n 1 24 1.128 1 0.010 1.90 f 0.13 8.5 1 0 - l ~  10.3 

zr92,94 0.92 f 0.01 0.92 0.79 f 0.04 5.5 x 10-l2 6.3 
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THE REACTIONS S128(p,p’y)Si28, ~ ~ ‘ ( p , u y ) ~ i ~ ~ ,  AND ~ ~ ~ ( p , p ’ ~ ) ~ ~ ~  

J. K. Bair H. 0. Cohn H. B. Willard 

In previously work on the reaction 
Si28(p,p’y)Si28, mention was made of f ive very 
narrow, low-intensity resonances at  2.64, 3.88, 
3.93, 3.97, and 4.93 Mev proton bombarding energy. 
These levels gave r ise to, and were detected by, 
the 1.78-Mev gamma rays result ing from the de- 
excitat ion of the 1.78-Mev state in S i 2 8  and were 
presumed tobe the result of the inelastic scattering 
of protons on Si28. It might, however, be possible 
that the gamma rays from these low-intensity levels 
were the result of the excitat ion of the same level 
i n  Si28, but by an entirely different reaction, 
P31(p,uy)Si28. While the original s i l i con  torgets 
were made with reasonable care and with s i l icon 
from various sources, it was impossible to  rule 
out the presence of a small amount of phosphorus 
impurity. 

To check whether or not these weak levels were 
indeed present in  the P31(pl~y)Si28 reaction, thin 
phosphorus targets were prepared, and the y ie ld  
of the 1.78-Mev gamma ray was studied as a 
function of bombarding proton energy. Some 25 
resonances for the production of th is gamma ray 
were found i n  the range of 3 to 4 Mev proton 
bombarding energy; however, their intensit ies and 
energy locations were such as to  exclude this 
reaction from being the cause of the weak levels 
seen i n  the previous work on si l icon. We conclude, 
therefore, that the original assignment i s  correct. 

In addition to the P3’(p,~y,,78)Si28 reaction, 
a preliminary y ie ld  was obtoined for the 1.26-Mev 
gamma rays resulting from the P3’(p,p‘y1.26)P31 
reaction. Again some 25 levels’ were found in  the 
range of 3 to 4 Mev proton bombarding energy. 
Evidence was a lso found for the excitat ion and 
decay of the second excited state at  2.234 Mev 

’H. B. Willard e t  al . ,  P h y s .  Semiann. frog. Rep.  
March 20, 1955, ORNL-1879, p 5. . .  

’J. K. Bair et al., Ph 
10, 1955, ORNL-1975, p r? 

3H. 0. Cohn e t  a l . ,  P h y s .  R e v .  99, 644A (1955). 

4H. B. Willard e t  a l . ,  Bull. Am P h y s .  SOC. 1, 264 
( 1956). 

’J. W. Olness and H. W. Lewis,  P h y s .  R e v .  99, 654A 
(1955); D. M. Van Patter et al . ,  P h y s .  Rev .  103, 656 
(1956). 

Semiann frog. Rep.  Sept.  

excitat ion energy6 in  P3’. Figure 1 shows the 
spectra of the gamma rays (as seen by a 3 x 3 in. 
Nal crystal at  0 deg with respect to the incoming 
proton beam) taken a t  3.11 (lower curve) and 
3.73 Mev (upper curve) bombarding proton energy. 
Also shown is  the 2.62-Mev ThC“ calibration. 
At the higher proton energy, the 2.24-Mev gamma 
ray from the second excited state of P3’ is  clearly 
evident i n  addition to  the 1.26-Mev gamma roy 

6D. M. Van Patter e t  al . .  Bull. Am Phys. SOC. 2, 60 
(1957): 
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Fig. 1. Gamma-Ray Spectrum os Measured with a 

3 x 3 in. No1 Scintillation Counter. The upper curve 

was measured at a bombarding energy of 3.73 MeV, 

whereas the lower curve was measured at 3.11 MeV. 

The dashed curve i s  the full energy peak of the ThC” 
calibration gamma ray at 2.62 MeV. 
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from the f i rst  excited state of P3'  and the 1.78-Mev 
gamma ray from the ( p , ~ )  reaction. 

Figure 2 shows a thin-target y ie ld  curve i n  the 
v ic in i ty  of a strong resonance a t  3.1 MeV. The 
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Fig. 2. Yield Curve of the 1.78-Mev Gamma Ray. 

The lower curve is the background from silicon con- 

tamination of the target backing. 

data plotted are the readings of the peak channel 
corresponding to  the 1.78-Mev resonance. A lso 
shown (lower curve) is the background of 1.78-Mev 
radiation from the tantalum target backing obtained 
before the phosphorus was laid down; this back- 
ground is from the ever-present surface impurity 
layer of si l icon. Figure 3 shows the angular 
distr ibution o f  these gamma rays from the phos- 
phorus @,a) reaction at  the peak of th is resonance; 
these data were corrected for the presence of the 
s i l i con  gamma rays by means o f  the k n ~ w n ~ ' ~  
s i l icon angular distribution. The so l id  curve is a 
plot of 1 + 0.32 cos2 4 .  
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Rays a t  the Resonance Shown in Fig. 2. The solid 

curve i s  a plot of 1 +0.32 cos 2 4. 
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CROSS SECTIONS FOR (p,n) REACTIONS IN INTERMEDIATE NUCLEI 

C. H. Johnson 

The cross sections for (p ,n)  reactions ‘ i n  
intermediate nuclei for proton energies wel l  below 
the coulomb barrier offer a test  of the s tat is t ica l  
theory for the reacjions. Figures 1 through 12 
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Fig. 1. Cross Section for the CI 37 ( ~ , 7 2 ) A ~ ~  Reaction. 

The theoretical cross section for formation of the 

compound nucleus i s  given for R = I.45A1’3 x cm. 
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Fig. 2. Cross Section for the Ti49(p,n)V49 Reaction. 

A. Galonsky 

give the cross sections measured by the method 
previously describedl for 12 nuclei  from C137 to 
Nb93. The cross sections for Ti49, VS1, MnS5, 
and As75 are those reported previously.1 The 
targets, except for Nb93, were nearly 20 kev thick 
for protons at  the (p,n) threshold. Results for 
Nb 93 were obtained by’ differentiating a th ic  k-target 
yield. 

In the stat ist ical theory2 the cross section is  
resolved into a sum of components for each I value 
for the incoming proton. Each term in the series 
i s  essent ia l ly  the cross section for compound 
nucleus formation multiplied by the relat ive 
probabil ity for neutron emission. For these 
intermediate nuclei, except for C137, the coulomb 

’C. H. Johnson, A. Galonsky, and J. Ulrich, Phys .  

*W. Hauser and H. Feshbach, Phys .  Rev .  87, 366 
Semiann Prog. Rep.  Sept. 10. B56, ORNL-2204, p 28. 

(1952). 
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Fig. 3. Cross Section for the V 51 (p,n)Cr5’ Reaction. 
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Fig. 4. Cross Section for the Cr 53 ( ~ , n ) M n ~ ~  Reaction. 

barrier ef fect ively prohibits rememission of a 
proton, so that neutrons compete only wi th gamma 
radiation. For energies about 0.3 to  0.5 Mev above 
the (p,.) threshold the probabil i ty for emission 
of s-, p - ,  and, in some cases, d-wave neutrons 
predominates over radiation. Hence, those terms 
in  the expansion which lead to  s-, p-, and d-wave 
neutrons reduce simply to  the cross section for 
formation of the compound nucleus. These terms 
comprise most of the cross section. Terms 
involving neutrons of higher 1 values must come 
from terms which have higher proton 1 values and 
which contribute negl igibly to  the formation of the 
compound nucleus. Thus for energies about 0.3 to 
0.5 Mev above the (p,.) threshold the cross section 
i s  approximately 

~7 = fi2 (21 + 1)  T 1 ( p )  , 
I 

where x i s  the wavelength, l X i s  the orbital angular 
momentum, and T 1 ( p )  i s  the penetration factor for 
the proton. 

0.4 

Mn55( 
1 

i .o i.4 1.2 t.3 1.4 i.5 
PROTON ENERGY (MeV) 

Fig. 5. Cross Section for the Mn55(p,n)Fe55 Reaction. 

Penetration factors were found from the ex- 
pression of B la t t  and W e i ~ s k o p f , ~  using the 
coulomb wave functions4 and assuming a black 
nucleus w i th  a square we l l  40 Mev deep. The 
results are not very sensit ive to  the wel l  depth, 
varying mostly as the reciprocal o f  the square 
root of the depth. The results are sensit ive to  the 
radius of the well, changing by a factor of 2 for 
about a 13% change in radius. Curves of the 

3J. M. Blatt  and V. F. Weisskopf, Theoretical Nuclear 
P h y s i c s ,  p 360, Wiley, New York, 1952. 

41. Bloch e t  a i . ,  Reus.  Mod. P h y s .  23, 147 (1951); 
T a b l e s  o/ Coulomb Wave Functions, National Bureau of 
Standards Applied Mathematics Series 17, U.S. Govern- 
ment Printing Office, Washington, 1952. 

. I  
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59 Fig. 6. Cross Section for the Co (p,n)NiS9 Reaction. 

cross section for the formation o f  the compound 
nucleus are shown for a l l  12 nuclei for 

For nuclei from Cu65 to  Sea*, curves are a lso  
given for 

Comparisons between theory and experiment show 
systematic agreement w i th  the smaller rad i i  for 
T i49  through C059 and Nb93 and with the larger 
radi i  for Cu65 through Se8z. Chlorine-37 i s  a 
special case, since reemiss ion  of the proton i s  
pr oba b I e. 
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Fig. 7. Cross Section for the Cu 65 (p,n)Znb5 Reaction. 

The theoretical yields are shown wi th  a discon- 
t inui ty at  threshold. Thresholds for Se82 and 
Nb93 are not known. Deviations near threshold 
are i n  the expected direction. In the group from 
T i49  to C o 5 q  for example, two nuclei, Cr53 and 
CoS9, show large deviations. These resul t  from 
the fact that the Cr53(p,n)Mn53 and C ~ ~ ~ ( p , n ) N i ~ ~  
reactions each require a spin change of two units, 
whereas the other three, Ti49, VS1, and Mn55, 
require a change of only zero or one unit. The 
greater spin change forces the neutron t o  be 
emitted w i th  higher angular momentum, so that it 
cannot compete as we l l  w i th  gamma-ray emission. 

The next step in this investigation w i l l  be t o  make 
a more detailed comparison by use of reasonable 
ratios, r7/rn, for the relat ive probabil i ty o f  
emission for gamma rays and neutrons, 
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ENERGY LEVELS OF C13 

A. Galonsky C. D. Moak R. L. Traughber’ C. M. Jones’ 

Doubly charged He3 ions of 1.25 Mev from the 
625-kv cascade accelerator have been used t o  
produce the B’ ’(He3,p)C13 reacti0n.j The spectra 
of protons emitted at 45, 90, and 135 deg with 
respect to the He3 beam have been analyzed in  an 
Not crystal spectrometer. They are shown i n  
Figs. 1, 2, and 3, respectively. Besides the 

B’  ’(He3,p)C13 protons there are proton groups 
from the inevitoble carbon on the target, and 
deuteron groups leading to the f i rs t  two states of 
C’’. As i l lustrated in  Fig. 1, the groups from the 
carbon contaminant were identi f ied by comparing 
a spectrum from a fresh B” target wi th one that 
had had several days of bombardment. The deuteron 
groups were distinguished from the protons by the 
dif ferential energy loss observed in  spectra for 
which an absorber was interposed between target 
and detector. 

The energy response of the crystal was ca l i -  
brated by means of the proton groups corresponding 

’Summer participant from Louisiana State University 

’Summer participant from Georgia Institute of Tech- 

(1956), now at  Stanford University. 

nology (1956). 

Establishment, Harwell, England, was 99.3% B l l .  
3The boron, purchased from the Atomic Energy Research to the well-known states at 0, 3.097, 3.684, 3.844, 

and 6.864 Mev excitat ion i n  C13 and those from the . 
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C12(He3,p)N14 reaction. Energies thus determined 
for the other levels in C13 are indicated above the 
corresponding peak in each figure. At the top i s  a 
copy of the level energies l is ted by Ajzenberg 
and L a u r i t ~ e n . ~  

Previously unobserved states, shown with good 
stat ist ics in Fig. 4, are those a t  5.49 k 0.08 
and 6.09 k 0.08 MeV. Since this spectrum was seen 

4F. Ajzenberg and T. Lauritsen, Revs. Mod Phys .  
27, 77 (1955). 

through a 25-mg/cm2 aluminum absorber, the 
deuteron group has shif ted down in  pulse height 
wi th respect to  the proton groups. Both states 
must be quite narrow, because they have not been 
seen in the n-C12 total cross section or for the 
mirror nucleus, N13, i n  the p-C12 interaction. 
Intermediate coupling calculat ions by Kurath' 
indicate a narrow 5/ state near 5 Mev. 2 

-.- WI 8 1000 

4000 6oool 
2000 I 

F c 

'D. Kurath, Phys. Reo. 101, 216 (1956). 
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MlLLlMlCROSECOND NEUTRON TIME-OF-FLIGHT SPECTROMETRY 

J. H. Neiler W. M. Good J. H. Gibbons 

A pulsed Van de Graaff for producing bursts of 
ions of (5 to.10) x sec duration at  a repe- 
t i t ion  rate of 106/sec and at  a peak current of 
about 400 pa has been undergoing development 
during the last 18 months. The instrument, to- 
gether with timing circuits, is intended specif ical ly 
for neutron time-of-fl ight studies, in two rather 
dist inct  applications. These are (1) for the 
measurement of neutron spectra, as in (d,n) 
reactions, inelastic scattering, f ission, etc., and 

(2) for a new approach t o  the measurement of 
cross sections in  the k i lovol t  region, whereby 
unmoderated neutrons from the Li(p,n) reaction 
are employed as the source from which neutrons 
o f  a specif ic energy are chosen by time-of-flight. 
In the latter application severe requirements are 
placed not only upon the steady performance of the 
Van de Graaff, and of the ion source especially, 
but also upon the stabi l i ty  of the multichannel 
pulse-height selector, which is the basis of the 

. I  
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multichannel time analyzer, A descript ion of the 
di f f icul t ies encountered and the manner in which 
they are to  be handled w i l l  be published in the 
coming months. However, a rather distressing 
amount of time has been required t o  reach a 
posit ion so that as much as half the time avai lable 
can go into measurements. This report, therefore, 
contains the very recent results obtained on the 
measurement of total neutron cross sections i n  the 
k i lovo l t  region, together wi th some studies o f  
(d,n) reactions. 

For the k i lovol t  cross-section studies it has 
been possible, w i th  the employment of strong 
focusing lenses, t o  focus the pulsed proton beam 
t o  a spot 2 or 3 mm in diameter on the l i thium 
target. By virtue of th is relat ively small neutron 
source, total cross-section measurements can be 
made on separated isotopes. Figures 1, 2, and 3 
show some of the results obtained for the separated 
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isotopes of K39, K4 ' ,  and RbE7, respectively. 
The resolution of the spectrometer was 3% or less 
in energy. A representative area analysis made 
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on K 4 ’  indicates a I’ of 50 ev. The results ob- 
tained for K39  and K4 ’  serve to  establ ish the 
energies of corresponding levels i n  K40  and K4’. 
In the case of RbB7, the energies of the carre- 
sponding levels in RbB8 were established; the 
levels corresponding to  6.55 and 7.45 kev neutron 
bombarding energy on RbB7 have not previously 
been resolved. The level appearing a t  8.95 kev 
appears broad and is no doubt being part ial ly 
resolved, yielding roughly a width of 350 v. Other 
isotopes that have been run but which, for one 
reason or another, have to be re-examined are 
YB9, RbB5, SrB6, and Sr8’. 

Application of the time-of-flight equipment to 
higher neutron energies continues to  be largely 
devoted to  a study of (4.) reactions on the l ight  
elements. Comparison of recent (d,n) neutron 
spectra wi th those obtained a year ago shows the 
progress that has been made with the technique. 

The spectrum of Be9(d,n)B10 has been re- 
measured, ’ along with several other spectra, wi th 
the better resolut ion now obtainable and with the 
3 x 3 in. plast i f luor detector shielded by a 1-in. 
lead housing to  reduce room background. For th is 
work the terminal pulser osci l lator frequency was 
increased to  2 Mc, giving, wi th the alternate pulse 
eliminator, a pulse repetition rate of 2 Mc. The 
best o v e r s l l  resolut ion measured with th is  setup 
was “4 mpsec on target gamma rays of about 
500 kev; this was obtained a t  an average pulsed 
current of “0.25 pa. The operating resolut ion 
throughout the l i f e  of the source was “6 mpsec a t  
o current of “0.6 pa. 

The spectrum o f  high-energy neutrons from 
Be9(d,n), using a f l ight  @ath of 6.0 m, is given 
in Fig. 4. The peaks labeled qo, q l r  q2 ,  q3, and 
q 5  are neutron groups leading to  the BlO ground 
state and to  the 0.72-, 1.74-, 2.15-, and 3.58-Mev 
levels, respectively. The group labeled q (?) has 

B’O excitat ion of “2.8 MeV. The existence of 
t h i s  level has been previously suggested’ and 
reported3 but has not been confirmed by more 
recent mea~uremen ts .~  We plan to  continue the 

’H. E. Banta et al . ,  Ph s Semiann. Prog. Rep. Match 
10, 19.56, ORNL-2076, p A 1 3 1 .  

’V. K. Rasrnussen, W. F. Hornyak, and T. Lauritsen, 
P h y s .  Rev. 76, 581 (1949). 

3A. J. Dyer and J. R. Bird, Austral. 1. P h y s .  6, 45 
(1952). 

a Q value of 1.50 f 0.15 k v ,  correspon d ing t o  a 

4F. Ajzenberg and T. Lauritsen, Revs. Mod Phys. 27, 
77 (1955). 
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study of th is  group to  ensure that it is due to  a 
level in B’O and to  determine Q more precisely. 

In order t o  study the usefulness of th is equipment 
for angulardistr ibut ion measurements, the d is t r i -  
bution of group q4 was measured at  E d  = 1.85 MeV. 
It appears to  be consistent wi th pieviously re- 
ported measurements4 made on th is  level, but we 
have not yet attempted to  f i t  it wi th stripping or 
compound -nuc leus parameters. 

A study of the reaction B”(d,n)C” has been 
started. Figure 5 is  the neutron spectrum obtained 
w i th  a target enriched to  9% B”. The groups 
labeled qo, q l ,  q2,  and q3 correspond to  the ground 
state and t o  the 4.43-, 7.65, and 9.61-Mev levels 
in C’’. The peaks a t  lower neutron energies 
probably correspond to  unresolved sets of levels 
a t  higher excitat ions in C’’. We plan to  determine 
the angular distr ibution of th is level i f  i t  can be 
properly resolved at  the f l ight  paths and reso- 
lutions presently obtainable. 
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ELASTIC SCATTERING OF NEUTRONS BY C12 

H. B. Willard J. K. Bair H. 0. Cohn 

Previous angular-distribution measurements in 
the energy region of 1.45 to  4.1 Mev were made by 
use of a scint i l lat ion detector. As a check on this 
method, and a lso  t o .  obtain greater stat ist ical  
accuracy, it was fe l t  worthwhile t o  repeat the 
measurements, using a gas recoi I counter (propane). 
The geometry and detai ls have already been 
described,2 but i n  . th is case the neutron source 

'J. E. W i l l s ,  Jr., Bull. Am. Phys.  Sor. 1 ,  175 (1956). 

was the H3(p,n)He3 reaction. Energy resolutions 
of 50 to  100 kev were used. Mult iple scattering 
was less than 14%. The results were in good 
agreement wi th the earlier work; ' accordingly, the 
two sets of data were averaged together. Table 1 
shows the center-of-mass data corrected for 
mutt iple scattering. 

2H. B. Willard, J. K. Bair, and J. D. Kington, Phys. 
Rev. 98, 669 (1955). 
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Table 1. Center-of-Mass Differential Cross Section, d c o s  $), for the C 12 (n,n)C12 Reaction 

Values are in millibarns/steradian 

- 
En' 

Incident c o s  q5 
Neutron 

Energy 0.78 0.59 0.39 0.19 -0.01 -0.20 -0.41 -0.60 -0.80 
(MeV) 

1.45 207 f 6  181 f 6  172 f 6  154 f 7 154 f 8  152 f 8 146 f 8  146 f 8  137 f 13 
2.02 155 f 6 166 f 6 147 f 7 135 f 7 129 f 7 132 f 7 120 f 7 138 f 8 150 f 8  

2.15 149 f 13 122 f 10 118 f 1 1  105 f 12 118 f 10 138 f 1 1  148 f 1 1  159 f 12 
2.28 158 f 6  154 f 6 114 f 7  100 f 7 1 1 1  f 7 105 f 7  1 1 1  f 7 121 f 8  147 f 8  

2.51 153 f 6 136 f 6 117 f 6  100 f 6 81 f 6 91 f 6 127 f 7 147 f 8 186 f 8 
2.76 196 f 8  159 f 9  114 f 9 96 f 10 74 * 1 1  73 f 1 1  113 f 13 186 f 14 258 f 17 

2.95 360 f 15 224 f 16 142 f 16 59 f 18 25 f 20 45 f 22 97 f 2 6  292 f 28 431 f30 

3.05 117 f 6  103 f 6  85 f 6  81 f 6  82 f 6  81 f 6  91 f 7 124 f 8 163 f 8  
3.25 247 f 10 161 f 10 79 f 1 1  53 f 1 1  15 *12 32 f 13 101 f 14 197 f 15 280 f 18 
3.51 337 f 1 1  198 f 13 98 f 1 1  35 f 13 5 f 12 34 f 13 90 f 13 245 f 18 352 k 16 
3.76 308 f 1 1  163 f 1 1  69 f 1 1  59 f 13 51 f 13 74 f 13 96 f 14 197 f 15 336 f 17 
4.10 9 9 f 6  8 9 f 6  5 4 f 6  5 8 f 6  5 8 f 6  6 3 f 7  7 9 f 8  1 5 8 f 9  193f9 

PRELIMINARY FAST-NEUTRON POLARIZATION MEASUREMENT 

H. 0. Cohn J. K. Bair H. B. Willard 

A preliminary measurement of the polarization of 
fast neutrons was undertaken by using elast ic 
neutron scattering from hel ium as a polarization 
analyzer. Helium can be used as a convenient 
analyzer in the Mev neutron range, because of the 
strong spin-orbit spl i t t ing o f  the P,/,-P, ,2 

inverted doublet. Th i s  results in large values of 
the polarization for scattering through 90 deg 
(in the center-of-mass system). It is greater than 
+OS0 between 0.5 and 1.5 Mev, is greater than 
-0.50 above 4 Mev, and is 0 near 2.4 Mev. The 
phase shi f ts required to  calculate the amount of 
polarization are known. 1 

'J. D. Seagrave, Phys. Rev. 92, 1222 (1953). 
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Neutrons, wi th an unknown degree of polarization, 
were produced through the H3(p,n)He3 reaction by 
5.2-Mev protons accelerated with the 5.5-Mv 
Van de Graaff; 2.66-Mev neutrons were observed 
a t  70 deg t o  the proton beam wi th  a hel ium-fi l led 
cloud chamber. The volume-controlled expansion 
type of cloud chamber was 10 in. in diameter, 
4 in. deep, and was f i l l ed  wi th hel ium gas a t  
18 psi. Stereoscopic photographs were taken, 
although in the present analysis only one view was 

used. The chamber was expanded a t  i - m i n  inter- 
vals. Since the neutron beam was not pulsed, 
tracks of a l l  ages appeared in the photographs. 
The number of helium recoi l  tracks t o  the r ight  
( R )  and the number t o  the lef t  ( L )  give the product 
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of the reaction polarization (RR)  and the analyzer 
pol ar i zat i on (PA ) : 

L - R  
P P  = 

R A  L + R ’  

where the sign of P is  defined by the unit vector 

+ + 
+ k i n  k o u t  
n =  

where k,n is  the wave vector for the incident 
part icle and k o U t  is  the wave vector for the out- 
going particle. 

A l l  tracks making an angle between 10 and 
80 deg with, and to  the r ight and lef t  of, the l ine 
joining the target and the chamber were counted, 
subject t o  a restr ict ion on the length of the tracks. 
Tracks longer than the maximum reco i l  track 
length permissible in the n-He co l l i s ion  a t  the 
observed angle were rejected. Tracks that were 

very short were also reiected, since they corre- 
spond to (1) tracks that are scattered at  too steep 
an angle to  the desired plane, (2) tracks that leave 
(or enter) the illuminated volume and hence are 
of unknown nature. This cri ter ion does not el imi-  
nate tracks which are too long but which appear 
shorter due to reason 1 or 2. The number of these 
long tracks can be estimated, since they are 
mainly due to  hydrogen recoils. 

Accepting the angular spread of 10 to  80 deg, 
234 tracks were observed t o  be recoi l ing t o  
the right, and 211 to  the left, giving a value of 
PRPA = -0.052 f 0.048. For the narrower angular 
spread of 30 to  60 deg, R = 95 and L = 94 for 
PRPA = -0.005 k 0.073. These values are in 
agreement wi th a small value for PR or/and PA. 
The energy and angles chosen correspond t o  
PA = -0.09 (calculated). This small value was 
purposely chosen to  check for possible instru- 
mental asymmetries in th is preliminary measure- 
ment. 

EXCITATION OF ISOMERIC STATES IN Pb AND As” BY THE (n,n’) REACTION 

P. H. Stelson E. C. Campbell 

Measurements of delayed nuclear effects re- 
sult ing from fast-neutron bombardment of a sample 
have been made with the 5.5-Mv accelerator being 
used as a square-wave-modulated neutron source 
of variable frequency, together wi th a synchronized 
multichannel time analyzer. This apparatus has 
previously been described.’ The fast neutrons 
were produced by bombardment of a thick beryllium 
metal target wi th 2.5-Mev alpha particles. An  
ac t iv i t y  wi th a half  l i f e  of 127 f 10 psec was 
observed when a sample of normal lead was irradi- 
ated. The decay curve is shown in Fig. 1. From 
an investigation of the decay of Bi206, Alburger 
and Pryce’ discovered an isomeric state in Pb206 
with a half  l i fe  of 145 5 15 psec. This state i s  at  

’E. H. Campbell and P. H. Stelson, Phys .  Semiann. 

’D. E. Alburger and M. H. L. Pryce, Phys. Rev. 95, 

Prog. Rep. March 10, 1956, ORNL-2076, p 32. 

1482 (1954). 

the 2.20-Mev excitat ion energy and is given the 
assignment 7’. Its mode of decay is complex; 
none of the resulting gamma rays exceed an energy 
of 880 kev. An energy bias curve of the gamma 
rays detected by the anthracene crystal indicated 
that the 127-psec act iv i ty was associated with 
gamma rays wi th energies up to  but not exceeding 
900 kev. It is concluded that we are exci t ing the 
isomer found by Alburger and Pryce. It is planned 
to  obtain further confirmation by measurement of 
the threshold for excitat ion and by the use of 
radiogenic lead enriched to  88% in PbZo6. 

A decay curve for the short-lived isomer in 
As7’, f i rst  reported by Schardt3 from the study of 
the decay of Se7’, has been obtained and is shown 
in Fig. 2. The observed value of 18 + 2  msec is 
in good agreement wi th Schardt’s value of 18 f 1.5 
msec. 

3A. W. Schardt, Bull .  Am. Phys. SOC. 1, 85 (1956). 
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CROSS SECTION FOR THE Be9(n,u)He6 REACTION 

P. H. Stelson E. C. Campbell 

The work on the Be9(n,u)He6 cross section has 
been completed and has been submitted to The 
Physical Review wi th  the fo l lowing abstract: The 
cross section for the reaction Be9(n,u)He6 has 
been measured far neutron energies of 0.7 a t  4.4 Mev. 

(threshold) t o  4.4 Mev. The cross section exhibits 
a smooth r ise from less than 0.1 mb at  the expected 
threshold to  a broad maximum of 104 f 7 mb a t  
3.0 Mev, followed by a gradual decrease to 70 mb 
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ACTIVATION CROSS SECTIONS WITH Sb-Be NEUTRONS 

R. L. Mackl in N. H. Lazar W. S. L y o n l  

The neutron activation cross sections near 
25 kev have been determined for about 50 nuclei. 
For irradiation, a spherical Sb-Be source was 
raised to  the approximate center o f  a pair of 
aluminum hemicyl indrical containers f i l l ed  wi th 
the sample material. The weighed material, 
usual ly in the form o f  powdered element, oxide, 
or carbonate, was then transferred to  a beaker, and 
the  intensity of a part icular gamma ray, fo l lowing 
the normal beta decay, was determined with a 
3 x 3 in. Nal(TI)  crystal  and a multichannel 
analyzer. The gamma/beta branching ratio, either 
taken from the literature2 or measured, was then 
used to  obtain the ac t iv i t y  of the sample. Cor- 
rect ions were made for self-absorption in the 
sample (usually less than 25%), and in many cases 
th is  correction was determined experimentally by 
mixing a known act iv i ty o f  the same radioactive 
nuclide, produced by a separate p i  le irradiation, 
into an amount of inert material equal in size to, 
and in the same geometry as, the Sb-Be irradiated 
sample. 

The neutron f lux was determined from a similar 
experiment with Ii2', taking i t s  cross section as 
0.82 * 0.06 barn.3 The f lux was determined 
several times during the period that act ivat ions 
were carried out, and the results obtained are 
plotted as a function of time in  Fig. 1. The 
straight l ine corresponds to  an exponential decay 
with a ha l f  l i f e  of 60 days, normalized to the f i rs t  
point, and the data deviate from i t  by less than 
5 1.3%. 

The results of these measurements are given in 
Table 1 and plotted in Fig. 2. A l l  the ac t iv i t ies  
correspond to  nuclei for which no alternate decay 
modes are known, except in the popular 54-min 

often used as a standard. Table 1 and 
Fig.  2 also show the gamma ray measured and i t s  
y ie ld  per disintegration. 

"Analytical Chemistry Division. 

2NucIear Science Abstracts, Nuclear Data Group, 
National Research Council, Washington, D.C. 

3R. L. Macklin, Neutron Activation o lodzne Near 
25 kev, ORNL CF-56-1-40 (Jan. 6, 1946); Bull. Am. 
P h y s .  Soc. 1, 264 (1956). 

For several of the heavier elements, neutron 
widths, radiation widths, and level spacing for 
s-wave resonances have been determined. Using 
these data and the familiar Breit-Wigner single- 
level  formu la averaged over many resonances, 
one can predict the capture cross section a t  25 kev 
for s-wave neutrons. The p-wave contribution t o  
the cross section can also be predicted by taking 
the s-wave values of D per spin state and o f  
r,,, and estimating ( r o / D * )  by use of a "black- 
nucleus" model. The results are. compared with 
the  experimental values in Table 2. Within the 
experimental uncertainties (particularly of the 
parameters), the values agree. The nearly equal 
contribution of s -  and p-wave capture near 25 kev 
i s  notable. 
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Tab le  1. Act iva t ion  Cross Sections w i th  Sb-Be Neutrons 

127 Measurements based on 820 f 60 mb far I 

Target 

Isotope 
E y  (MeV) Y’d u (mb)* 

Mg26 

 AI^^ 

~ 1 3 7  

K 4 ’  

Tis0 

v5 

MnS5 

c u 6  

c”65 

Go7’ 

Ge74 

As7’ 

6r8 ’  

RbE5 

R bE7 

~r~~ 

Zr96 

M~~~ 

Moloo 

RU96 

102 Ru 

Ru104 

1.38 

0.83 

1.78 

2.1 

1.52 

0.32 

1.45 

0.82 

0.51 1 

1.04 

2.50 

0.274 

0.55 

1.03 

1.08 

(1.85) 

0.745 

0.660 (Nb97) 

0.14 + 0.18 

0.192 

0.30 (Te1O0) 

0.216 

0.498 

0.73 

1 .oo 
0.70 

1 .oo 
0.47 

0.20 

0.95 

1.00 

1 .oo 
0.38 

0.10 

0.30 

0.1 12 

0.446* 

0.255* 

0.15 

(0.23) 

0.97 

1 .oo 
0.72* 

1 .oo 
1 .oo 
0.92 

0.90 

1 .oo 

1.0 f 0.2 

< 14 

1.4 * 0.2 

1.1 f 0.2 

<20 

5 1 3  

50 f 5  

55 f 6  

116 f 12 

46 * 5  

68 f 13 

54 * 8 
740 f 70 

550 f 55 

181 f 3 5  

75 f 15 

243 f 36 

22 f 4 (?) 

209 f 21 

38 f 8  

45 f 9  

321 f 60 

386 f 3 9  

211 f 2 1  

Target 

Isotope E y  (MeV) Y / d  u (mb)* 

Pd108 

Ag107 

115 In 

Sb”’ 

Sb123 

[ I ~ ~ ~  

Bo1 38 

L O l 3 9  

ce I4O 

 el 42 

P,141 

~ m ’  52 

154 Sm 

GdlS8 

H f l E O  

w106 

Re1’’ 

187 Re 

Au197 

Hg202 

Th232 

“238 

0.088 

0.61 

1.28 

0.57 

0.603 

0.455 

0.165 

1.60 

0.145 

0.29 

1.59 

0.105 

0.25 

0.364 

0.308 + 0.295 

0.482 

0.686 

0.155 

0.129 

0.41 1 

0.279 

0.310 (Pa233) 

0.210 + 0.270 (Np239) 

0.0463* 

0.0225* 

0.848 

0.664 

1 .oo 
0.172 

0.23* 

0.882* 

0.615 

0.426* 

0.041* 

0.357 

0.037* 

0.123* 

0.91 ** 

0.85 

0.288* 

0.105* 

0.162* 

0.224 

0.95 

0.828 

540 f 6 0  

930 f 180 

805 f 80 

950 f 100 

456 f 46 

820 ,* 601 

11.4 f 1.1 

50 f 7  

31 f 4  

425 f 43 

547 1 55 

668 f 100 

540 f 70 

710 1 71 

298 f 30 

441 f 66 

296 f 44 

2650 f 500 

970 5 200 

886 f 130 

1120 f 110 

57 f 13 

500 t 100 

610 f 61 

*Our measurement. 

**The authors express their thanks to  M. E. Bunker for permission to use th i s  value prior t o  publ icat ion. 
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Table 2. The 25-kev (n,y) Cross Sections 

o ( n , y )  from Strength Measured 

ff (n ,y )  
(barns) 

Target Functions (barns) 
Isotope , 

S P S + P  

M~~~ 0.21 

Moloo 0.038, 0.045 

Mo (even) 0.07 0.13 0.20 

Ag lo7 0.41 0.32 0.73 0.93 

In 

Sb121 0.42 0.35 0.77 0.95 

Sb123 0.28 0.30 0.58 0.46 

0.44 0.36 0.80 0.81, 0.80 115 

0.56 0.36 0.92 0.82 I 127 

2.65 R e  

Re187 0.97 

185 

0.76 0.49 1.25 

Au197 0.30 0.37 0.67 1.10, 1.15 

Th232 0.21 0.33 0.54 0.5 

0.22 0.32 0.54 0.61 "238 

PROBABI LlTY OF THERMALIZATION OF FISSION NEUTRONS 
IN SMALL ~ ~ 0 . ~ 2 3 5  SUBCRITICAL SYSTEMS 

E. C. Campbell P. H. Stelson 

Measurements of the decay' constants o f  sub- the decay constant of the thermal-neutron f lux 
c r i t i ca l  H20-U235 solutions excited by a square- (fundamental mode) can be expressed i n  terms of 
wave-modulated neutron source have been de- certain parameters, a l l  of which are known ac- 
scribed in previous reports.' In the interpretation curately from experiment wi th the exception of 
o f  these experiments by means of dif fusion theory, f'(B2), dh ich  i s  defined as the probabil i ty that a 

f iss ion neutron w i l l  be thermalized inside the 
system of buckl ing B 2 .  The experimentally de- 
termined decay constant i s  then used to  evaluate 

'E. C. Campbell and P. H. Stelson, Phys. Semiann. 
proe ~ ~ p ,  ~~~~h 10, 1956, ORNL-2076, p 37; P h y s .  
Semzann. Prog. Rep. Sept. 10,  19-56. ORNL-2204, P 34- 
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P ( B 2 ) .  
fol lowing expression: 

The decay constant X i s  given by the 

where u i s  the thermal-neutron velocity, D is  the 
di f fusion coeff icient of thermal neutrons i n  the 
solution, Cu and C,, are the macroscopic thermal 
absorption cross sections of moderator and of 
UZ3, ,  respectively, and ’1 i s  the number o f  prompt 
neutrons emitted per neutron absorbed in U2,,. 
The assumption i s  made that the slowing-down 
t ime o f  f ission neutrons i s  small compared w i th  
the characteristic decay time of the system. The 
physical meaning o f  the four separate terms in  
Eq. 1 are, in order, as follows: probability per 
un i t  t ime for absorption of thermal neutrons i n  
moderator, leakage of thermal neutrons, thermal- 
neutron absorption i n  U2,,, thermalization of 
f i s  sion-produced neutrons. 

The value o f  P(B2) determined by th is  method 
for two different concentrations o f  UZ3,, namely 
26.5 g/liter and 53.0 g/liter, i s  shown in Fig. 1. 
Included in  the figure for purposes o f  comparison 
are (a) the Fourier transform o f  a dif fusion kernel 
(1 + 21.2B2)-’, which appears to  be a good f i t  
for B < 0.4 cm”, and (b)  the curve q(k, 1.44ev) 
calculated2 by means of the B ,  approximation for. 
a source o f  f iss ion neutrons slowing down in water 
to  indium resonance energy. Neither theoretical 
curve f i t s  very we l l  over the whole range of B .  
One would expect that i f  curve b were recalculated 
to  thermal energy, the f i t  would be somewhat 
better, part icularly for small systems (large E ) .  
It is d i f f i cu l t  to  evaluate the errors of the experi- 

’J. E. Wilkins, R. L. Hellens, and P. E. Zweifel, 
Proceedings  of the Intemationai Conference on the 
P e a c e f u l  Uses of Atomic Energy, vol 5, p 62, United 
Notions, New York, 1955. 
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mental points; these become progressively larger 
as the s ize of the system becomes smaller. In 
general the decay-constant measurements are con- 
sidered to  be Tccurate t o  about 1%, but since the 
evaluation of P involves the small difference of 
large quanti t ies in the case o f  the smallest system 
(3-in.-dia, 3-in.-high cy1 inder), the result may be 
in error by as much as a factor o f  2. For the 
larger systems the error should not exceed a few 
per cent. 
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ORIENTATION OF ACTINIDE-GROUP NUCLEI 

J. W. T. Dabbs G. W. Parker L. D. Roberts 

FISSION OF ALIGNED NUCLEI  

In the past three semiannual reports, work has 
been described on the alpha-particle emission 
from al igned U233 and Np237. The nuclei  were 
a I ign ed through the nuclear electr ic quadrupole 
coupling i n  the U02" or Np02"  ions, and the 
sal ts used were UO,Rb(NO ) or NpO,Rb(NO,),. 
Further, a nuclear orientation effect has been 
observed through a measurement o f  the specif ic 
heat associated with th is quadrupole coupling in 
the sal t  U2350,F2. 

A natural extension o f  th is  work i s  the obser- 
vation o f  the f iss ion of oriented U235 or U233 
nuclei.  The latter isotope i s  especial ly suitable 
for th is  experiment, i n  that one can make a simul- 
taneous measurement of the alpha-particle and 
fission-fragment angu lor distributions. By using 
our earlier measurements of the temperature de- 
pendence of the alpha angular distr ibution as a 
standard, the observation o f  the alpha distr ibution 
in th is  case would consti tute a thermometer and, 
furthermore, would provide an unequivocal demon- 
stration and measure o f  the nuclear alignment. 

To  perform th is  f iss ion experiment, a set o f  
metal Dewar vessels for containing l iqu id  nitrogen 
and helium was instal led at neutron beam hole 52 
a t  the south face of the ORNL Graphite Reactor. 
The apparatus' used for observing anisotropic 
alpha emission was then placed in  the l iquid- 
helium flask, wi th a U 2 3 3 0 2  '+-coated UO,Rb(NO,), 
crystal located i n  the neutron beam. As  before, 
the crystal could be rotated about an axis perpen- 
dicular to the crystol l ine c axis, The rotation 
ax is  was parallel t o  the thermal-neutron beam. 
Thus i t  was possible to  count alpha part icles and 
f ission fragments emerging from the crystal, either 
paral lel or perpendicular to  the c axis. 

A s  a counting material, we studied ZnS and CSI 
and found that the ZnS gave a better resolut ion 
o f  the alpha part icles from the f ission fragments. 
To  minimize alpha-radiation damage to  the counting 
screen, a shutter was instal led to  protect th is  

3 . 3  

'L. D. Roberts, J. W. T. Dobbs, and G. W. Parker, 
P h y s .  Semiann. Prog. Rep. March 10, 195G, ORNL-2076, 
Fig. 1, p 3. 

screen between experiments. A neutron-beam 
monitor and also an effect ive beam shutter were 
installed. 

An experiment was performed by, first, counting 
alpha part icles at  0 and 90 deg to the c ax is  wi th 
the neutron beam off  and at  a low ampli f ier pulse- 
height setting. Then the pulse-height setting was 
raised to a point at which the alpha count was 
essential ly shut of f  and the neutron beam was 
opened. Here the fiss'ion-fragment count was taken 
again a t  0 and 90 deg. In a l l  cases the neutron 
beam was monitored, and the fission-fragment 
intensity per uni t  neutron beam intensity was 
calculated. The above cyc le  was performed a t  
77 and at 1.32'K. At 77'K it was found that the 
intensity rat io W(0°)/W(900) was the same within 
stat ist ics for the alpha part icles and f ission 
fragments. However, a t  1.32OK these values were 
found to  diverge. Here, for the alpha particles, 
the rat io had the expected value based on previous 
alpha experiments. This demonstrated that the 
U 2 3 3  nuclei had the expected degree o f  nuclear 
alignment, The anisotropy observed for the f iss ion 
o f  these al igned nuclei was, however, some f ive 
t imes smaller than the alpha-intensity rat io change. 
These results are i l lustrated in Fig. 1. 

Bohr has presented a qual i tat ive theoretical 
discussion' of f iss ion which may provide a basis 

A. Bohr, P r o c e e d i n g s  o/ the International Conlerence  
on the  P e a c e l u f  U s e s  o/ Atomic  Energy ,  vol 2, p 151, 
United Notions, New York, 1955. 
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for the interpretation of results of the above type. 
The nucleus U233 has I = 5/2 and i s  thought to  
have posit ive parity.3 Bohr suggests that the 
compound nucleus formed upon the capture of a 
neutron has a long l i f e  compared with a rotation 
period; that is, i t  i s  in a state of good angular 
momentum. For s-wave capture wi th compound- 
state angular momentum ] = 2, one would expect 
that . the  angular momentum of the lowest state 
results from pure core rotation, while for J = 3 
the ground state should involve a coupling of an 
excited nuclear state with possible core rotation. 
Bohr then assumes that when f ission occurs it 
w i l l  be along the major nuclear axis. Thus for 
an aligned nuclear spin system, the state of pure 
core rotation, = 2 ,  should lead to a high degree 
o f  anisotropy in the direction observed (Fig. l ) ,  
whereas the anisotropy might be expected to  be 
less for the ] = 3 compound states, where the 
nucleon-core coupling would lead to a more 
complex - less well-defined - core motion. 

The above discussion neglects the effects on 
the fragment angular distr ibution arising from the 
manner i n  which compound-state angular momentum 
i s  carried away by the fragments, and, since these 
ideas have not ye t  been formulated mathematically, 
no definite comparison with our result i s  possible. 
Th is  comparison i s  further complicated by the fact 
that the compound state for thermal f iss ion of 
U233 has not been determined. In spite of this, 
the observed f ission anisotropy i s  str ikingly small 
compared w i th  that for the alpha particles. Further 
experiments w i l l  be necessary in order t o  gain 
an understanding o f  this. These measurements 
probably should be the observation o f  the f ission- 
fragment anisotropy a t  f iss ion resonances where 
the angular momentum i s  we l l  defined, and, further, 
th is  compound-state angular momentum should De 
determined through the use of nuclear polarization 
or other techniques. 

NpO2Rb(NO3I3  M A G N E T I C  S U S C E P T I B I L I T Y  

I n  connection wi th the ef for t  t o  study alpha 
emission from al igned Np237 nuclei a t  temper- 
atures below 1°K, as we l l  as in attempted specif ic- 
heat measurements on U23502Rb(N03)3, some 
experiments4 indicated the possibi l i ty  of an in- 
ternal heating at liquid-helium temperatures in the 
uranyl rubidium nitrate. If th is  heating effect 

came from a recrystal l izat ion of the salt, th is  
phase change might introduce a serious uncertainty 
in our alpha-partic le-nuc lear-al ignment resu Its. 
To check this we have made two measurements 
of the magnetic susceptibi l i ty of a single crystal 
paral le l  to  the crystal l ine c axis. The measure- 
ments were made between 1 and 4.2OK, using an 
apparatus previously d e ~ c r i b e d . ~  The crystal  
was cooled to  th is temperature range and the 
paral lel susceptibi l i ty measured. The sample was 
then al lowed to  return to 300°K over a period of 
several days. Then the sample was again cooled 
and the susceptibi l i ty measurement repeated. 
Since the perpendicular suscept ib i l i ty  i s  several 
hundred times smaller than the paral lel suscepti- 
b i l i ty ,  th is  measurement would be a sensit ive 
detector of any recrystal l izat ion occurring in th is  
temperature cycle. In the two experiments the 
observed susceptibi l i t ies reproduced within 0.1%, 
indicating that no appreciable recrystal l izat ion 
occurred. The average Weiss constant for the two 
experiments was of the order o f  only a few m i l l i -  
degrees, and we assume it to  be zero. 

Within th is  assumption of a zero Weiss constant, 
these measurements lead to a g,, = 3.40 5 0.02 
for the pure single crystal Np02Rb(N0,)3. Th is  
may be compared with the microwave value6 of 
3.405 for a very di lute sol id solut ion of the 
neptunyl sal t  i n  U02Rb(N03),. 

We have formerly reported the results4 of a 
measurement of the  powder susceptibi l i ty o f  
NpO,Rb(NO,),. I n  the interpretation of these 
results we assumed the existence o f  a small Weiss 
constant A - -0.04OK and calculated the value 
o f  th is  constant which gave the best f i t  o f  
x = C / ( T  + A) to our results. On the basis o f  

the above more recent single-crystal measurements, 
i t  seems more reasonable to  take a value of 
A -., -0.004OK, corresponding simply to  the shape 
correction. A recalculation of the powder sus- 
cept ib i l i ty  results then gives 

. 

2 2 g,, + 2g, = 11.41 5 0.1 . 
Th is  may be compared with the microwave resul t  
o f  11.68 t- 0.06. This  agreement i s  possibly 
fortuitous, in that the susceptibi l i ty measurements 
are on pure salt, whi le the microwave resul t  i s  
for a very di lute salt. 

3S. G. Ni lsson,  private communication. 

'L. D. Roberts, J. W. T. Dabbs, and G. W. Parker, 
P h y s .  Semiann. Prog. Rep. Sept. 10, 1956. ORNL-2204, 
p 60. 

5R.  A. Erickson, L. D. Roberts, and J. W. T. Dabbs, 

6P. M. Llewellyn, thesis, Clarendon Laboratory, 1955. 

Rev. Sci. Instr. 25, 1178 (1954). 
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DISSOCIATION CROSS SECTION OF H,' 

C. F. Barnett 

The cross section for dissociat ion of the dia- 
tomic hydrogen ion has been determined in the 
energy range o f  500 kev to  2.25 Mev i n  target 
gases of hydrogen, he1 ium, nitrogen, and argon. 
At energies less than 500 kev the measurements 
become d i f f i cu l t  due to the competing process of 
charge exchange. The apparatus used was es- 
sential ly the same as that used for the charge- 
exchange experiments.' The principal differences 
are that the f i rs t  gas c e l l  was eliminated, and 
an additional detector was instal led to  measure 
the deflected charge beam. 

An H 2 +  beam was incident on the dif ferential ly 
pumped gas cell, in which the pressure was 
suff iciently low to  prevent mult iple col l is ions.  

0 Emerging from the gas ce l l  was a mixture of H , 
Ht, and H,'. Using the set of electrostat ic 
deflect ion plates, the beam was analyzed into i t s  
various components. The axial  detector was used 
as  a secondary electron detector to measure both 
the neutral component and the total charge com- 
ponent of the beam. The other detector was used 
both as a secondary electron detector and as a 
Faraday cup to  measure the individual charged 
beams. 

The total beam avai lable for dissociat ion was 
found by summing the emergent H, wi th the 
number of reactions occurring, which were de- 
termined by a charge or part icle balance between 
Ho and Ht. Using such a balance the per cent 
o f  the reactions going by simple dissociat ion (i.e., 

H, + Ho + Ht) or by an ioniz ing dissociat ion 
(i.e., H2'+ 2Ht + e) can be determined. From 
these measurements the cross section i s  cal- 
culated from the fol lowing relation: 

t 

t 

total  number of reactions 

total H,' 

n Udx 
= 1  - e  I 

'C. F. Barnett, H. K.  Reynolds, and R. G. Reinhardt, 
P h y s .  Semiann. Prog. Rep .  Sept. 10, 1956,  ORNL-2204, 
p 39. 

where R i s  the target-gas density, x i s  the part ic le 
path length i n  the gas, and ud i s  the dissociat ion 
cross section. 

During a dissociat ing col l ision, momentum i s  
imparted to  the energetic particles, resul t ing in 
small-angle scattering. To estimate the magnitude 
of th is scattering, the ex i t  pinhole o f  the gas ce l l  
was enlarged. The measured cross section was 
independent of the defining geometry, indicating 
that the scattering i s  small. 

In Fig.  1 are shown the dissociat ion cross 
sections as a function of the part icle velocity or 
energy. For hydrogen and hel ium the cross 
sections behave in  a manner similar to  the electron 
loss cross sections, in that they have essent ia l ly  
a l / u  dependence. For the heavier gases of 
nitrogen and argon the cross sections decrease 
only 15 to 20% over the velocity range studied. 
Shown in Fig.  2 are the percentages of the total  
reactions going as simple dissociat ion for target 
gases of hydrogen and nitrogen. The mode of 
dissociat ion i s  independent of part icle velocity 
and i s  dependent on the target atom. 
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CHARGE SPECTRUM FOLLOWING THE RADIOACTIVE DECAY OF Kr79 

A. H. Snell 

A preliminary determination of the distr ibution of 
charges on the product atom fol lowing the decay 
o f  Kr79 + Br79 (34.5-hr) i s  shown in Fig. 1. 
The rother complex decay scheme of th is transition 
i s  shown’ in Fig.  2. It w i l l  be noted that electron 
capture plays the major role in the decay process, 
fol lowed by a complex of gamma rays i n  28% of 
a l l  cases. Of these gamma rays, the four most 
highly comerted are indicated by specifying their 
energies. 

The charge spectrum shown in Fig.  1 i s  marked 
by a very f la t  maximum, in contrast wi th the sharp 
peaks found in the decays of A37 -+ C137 (pure 

1 3 1 m 2  
K capture)2 and Xe Xe’ 31 (internal 

conversion of a single gamma ray).3 It i s  thought 
that th is  flatness may be caused by vacancy 
cascades which are in i t iated by internal conversion 

’Nuclear L e v e l  Schemes, TID-5300 (June 1955). 

2A. H. Snell and F. Pleosonton, Phys .  Rev. 100, 
1396 (1955). 

F. Pleasonton 

o f  one or more of the gamma rays and which over- 
lap, in time, earlier ones started by an electron 
capture. It w i l l  probably be impossible to  give any 
detai led explanation of the spectral shape, but i t  
seemed to  be of interest t o  compare the results o f  
such a complex decay mechanism wi th  those o f  the 
pure types studied previously. A charge state 
o f  12 i s  the highest we have sought so far and i s  
not yet established as the highest which may 
exist.  Th is  may be compared w i th  a maximum 
charge of 10 observed in the case of Kr8’ + Rb8’ 
beta decay, one charge of which i s  the result of 
beta-m inu s em i s s ion. 

It should be noted that the relat ive intensit ies 
o f  the neutral and negatively charged atoms shown 
in Fig. 2 are estimated by combining the branching 
rat io of the beta-plus emission with the charge 
distr ibution found fol lowing the beta-minus decay4 

3A. H. Snell and F. Pleasonton, P h y s .  Rev. 102, 1419 
( 1956). 

4A. H. Snell.and F. Pleasonton, Bull. Am. Phys .  Soc. 
1, 263 (1956). 
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o f  isoelectronic Kr8’ + Rb8’. Any contribution 
o f  neutral atoms from fluorescence y ie ld  alone i s  
presently neglected. The combined spectrum of 
measured and estimated intensit ies gives an 
average charge of +4.7 -I 0.5. 
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We hope in the near future to adapt our apparatus 
for the detection d the negative ions. 
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MOLECULAR BREAKUP FOLLOWING RADIOACTIVE DECAY OF C14 IN C02 

A. H. %el l  

Carbon-14 dioxide was generated from BaCO,, 
isotopical ly enriched to  38.6% C14, and was 
introduced into our apparatus' a t  an indicated 
pressure of about 1.5 x lo-' mm Hg. It was then 
subiected to  magnetic analysis to  determine the 
relat ive abundances o f  posit ively charged ions 
fo l lowing the radioactive decay o f  the consti tuent 
c14 atom. 

Preliminary results y ie ld  the fol lowing distr i -  
bution: 

e / m  Ion Relative lntens ity 

1 /46 NO,' 81.4 f 1.6 

1 /30 NO' 8.4 f 0.4 

1/16 O+ 5.9 f 0.6 

1/14 N+ 3.6 5 0.4 

2/46 NO2'' 0.4 f 0.06 

1/32 0 2 +  0.2 5 0.4 

2/30 NOtt 0.06 k 0.04 

2/14 N ++ 0.02 k 0.01 

2/16 0 ++ 0.01 (upper limit) 

F. Pleasonton 

As in the case o f  the breakup fol lowing the 
radioactive decay of t r i t ium in the HT molecule,2 
there i s  a strong tendency for the molecule to  
remain bound as a singly charged ion, in spite 
o f  the nuclear recoi l  from the beta emission (7 ev 
for a free C14 atom). In the case of C'402, both 
singly and doubly charged posi t ive ions are 
observed. The NO," ions can be attributed to  
the  shake-off of an electron due to  the nuclear 
charge change which takes place concurrently wi th 
the  beta emission. The occurrence o f  NOtt and 
N t t  may be accompanied by 0- ions, which are 
no t  observable in the present experimental arrange- 
ment. Since, however, the rat ios of the intensit ies 
of the doubly charged ions to  those o f  the singly 
charged ions o f  corresponding masses are the 
same within counting statistics, it i s  possible 
that they a l l  ref lect the nuclear charge-change 
shake-off demonstrated by the presence o f  NO, " 
ions. 

We anticipate further work along these l ines by 
looking a t  the dissociat ion fo l lowing the decay 
o f  the radioactive constituent atom in  the mole- 
cules CH,113', CH,T, and C14H4. 

'The spectrometer has been described in detail by 
A. H. h e l l  and F. Pleosonton, Phys .  Semiann. Prog. 
R e p .  March 10, 1956, ORNL-2076, p 39. 

,A. H. he l l ,  F. Pleatonton, ond H. E. Lerning, P h y s .  
Semiann. Prog. Rep.  Sept .  10, 1956, ORNL-2204, p 42. 
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M. K. Wilkinson J. W. Cable 

Previous neutron dif fract ion measurements1 have 
been used t o  determine the antiferromagnetic 
structures which exist  a t  low temperatures in 
anhydrous FeCI, and CoCI,. Both these com- 
pounds crystal l ize in the rhombohedral or pseudo- 
hexagonal structure characterist ic of CdCI,, so 
that they are actual ly hexagonal layer structures 
in which the layers of metal atoms are separated 
by two layers of chlorine atoms. The neutron data 
show that below the NQel transit ions the atomic 
magnetic moments wi th in a metal layer have 
paral lel coupling and that the moments i n  adjacent 
layers are aligned antiparal lel .  There i s  one 
important difference in  the magnetic structures 
for the two compounds: the axis o f  magnetization 
i s  no t  the same. In CoCI, the moments are wi th in 
the  layers, whereas in FeCI, the moments are 
oriented paral lel to  the c ax is  o f  the hexagonal 
un i t  cel l .  Since these two materials have almost 
ident ical  crystal structures and Nkel  temperatures 
(24'K for FeCI, and 25OK for CoCI,), it i s  
interesting that the direct ion o f  alignment o f  the 
atomic magnetic mcments i s  qui te different. In 
an attempt to obtain information which might be 
useful i n  understanding the dif ferent moment di- 
rect ions of these compounds, neutron dif fract ion 

E. 0. Wollan W. C. Koehler 

measurements have been obtained for so l id  so- 
lut ions in which the rat io o f  Fe  t o  Co was varied. 

The samples were prepared by vacuum fusion 
of the proper proportions o f  pure FeCI, and CoCI, 
which were obtained from the hydr i tes by de:. 
hydration in HCI a t  about 300OC. The fused 
material was then ground as gently as possible 
to  obtain suff icient quanti t ies o f  100-mesh powder. 
Both x-ray dif fract ion and neutron dif fract ion 
showed that the proper crystal lographic structures 
were obtained without excessive stacking faults, 
and the x-ray measurements showed the existence 
o f  pure so l id  solutions wi th the lat t ice constants2 
given in  Table 1. 

ANTIFERROMAGNETIC STRUCTURES OF ANHYDROUS [( 1 - x)Fe,xCo]CI2 COMPOUNDS 

Table 1. La t t ice  Constants and Approximate Ne'el Temperatures of [(l - x)Fe ,xColU2  Compounds 

'M. K.  Wilkinson ond J. W. Cable, Ph S. Semiann. 
Prog. Rep .  March 10,  1956,-ORNL-2076, p db. 

Neutron dif fract ion patterns have been obtained 
for a l l  f ive samples a t  a series of temperatures 
down to 4.2"K, and a l l  showed superstructure l ines 
a t  the lowest temperatures. By studying the 
temperature variation o f  the magnetic intensities, 
the Nke l  temperatures l is ted in Table 1 were 
obtained. These values were obtained from temper- 
ature measurements, using a calibrated copper- 
constantan thermocouple, and are probably accurate 
to  about 2 deg. The scattered magnetic intensi t ies 
were found to  fol low a Bri l louin-type curve below 

,We wish to express our appreciation to D. E. Lava l le  
of the Analytical Chemistry Division for preparing these 
somples, and to H. Yakel  and R. M. Steele of the 
Metallurgy Division for the x-ray analyses. 

Latt ice Constants (Hexagonal Cel l )  

Approximate T N a .  x lo - *  co x lo-*  Compound 

(em) (em) (OK)  

.FeCI2 3.6027 

Fe3/4C01/4C12 3.5893 

Fe l /2c01 /2c '2  3.5767 

Fel /4'O3/4''2 3.5655 

COCI, 3.5533 

17.536 

17.506 

17.464 

17.425 

17.359 

25 

24 

21 

23 

24 
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TN and did not appear to  have any anomalous 
behavior. 

Figure 1 represents the difference between dif- 
fract ion patterns taken a t  4.2 and 43'K for each 
o f  the f ive compounds, in which the data have 
been normalized so that the patterns can be 
compared direct ly. The dif fract ion peaks which 
are shown are therefore representative only of 
the coherent magnetic scattering present a t  4.20K, 
which was not present at 43'K. Similarly, the 
negative backgrounds are caused by the para- 
magnetic dif fuse scattering which was present at  
43'K and which disappeared below T N .  A l l  these 
patterns indicate magnetic structures i n  which the 
moments are al igned paral lel wi th in a layer, wi th 

- - -  
-401 1 I I 1 1  1 I I I 1 1  I l l  

0 5 40 45 20 25 30 35 
SCATTERING ANGLE (deg) 

Fig. 1. Diffraction Patterns Representing the Dif- 
ference in  Data Obtained at  4.2 and a t  43'K for a 

Series of [( 1 - x)Fe, x Co]CI2 Compounds. 

the moments in adjacent layers al igned anti-  
paral lel .  The top and bottom patterns for FeCI, 
and CoCI, show the difference in  the magnetic- 
moment direct ions in these compounds. In FeCI, 
the (003) magnetic ref lect ion i s  absent, which 
requires that the atomic moments be oriented 
paral le l  to  the c axis. In CoCl the (003) re- 
f lect ion i s  large, wh i le  the (1015 reflect ion i s  
much smaller than that i n  FeCl  Specifically, ? '  
for the moments to  be al igned within the layers, 
the intensity rat io ~ ~ l o l ~ / ~ ~ o o 3  should be about 
7%. The observed rat io i s  c 1 oser to  1074, and 
there i s  evidence that th is  difference is due to  
preferred orientation in the powdered sample. The 
dif fract ion patterns from the mixed samples show 
that as  CoCI, i s  added to  FeC l  there i s  a 
regular increase in the (003) intensity, whi le the 
(101) intensity shows a regular decrease. Th is  
variat ion indicates that there i s  not a speci f ic  
concentration a t  which the orientat ion changes 
from along the c ax is  to  wi th in the layers, but 
that for mixed samples there must be a component 
o f  the moments in each direction. 

For the pure FeCI, and CoCI, samples, analysis 
of the change in dif fuse scattering between 295'K 
and 4.20K, together wi th a study of the coherent 
magnetic ref lect ions ( including effects o f  preferred 
orientation), suggests that both the Fe t+  and Cot+ 
ions i n  the ordered magnetic la t t i ce  have "spin 
only" values of the atomic magnetic moments. 
Therefore i n  preliminary calculat ions which have 
been made in order to interpret the data on the 
[ ( l  - x)Fe,xCo]CI, compounds, no orbital contr i-  
butions to . the  moments o f  either ion in the so l id  
solutions have been assumed. If th is  assumption 
i s  correct, the results indicate that in the mixed 
samples the magnetic moments o f  both ions have 
the same ax i s  of magnetization and that th is  ax i s  
changes regularly wi th sample concentration. The 
intensi t ies are no t  consistent w i th  a model in 
which the Co moments remain i n  the layers wh i le  
the  F e  moments remain paral lel to  the c axis. 
The absolute values of the angles between the 
axes of magnetization and the c ax is  o f  the un i t  
ce l l  in these magnetic structures are presently in 
doubt, because corrections have not been made 
for preferred orientation i n  the samples. 

2' 
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MAGNETIC ORDERING IN HOLMIUM SESQUIOXIDE 

W. C. Koehler E. 0. Wollan M. K. Wilkinson J. W. Cable 

I N T R O D U C T I O N  

In previous semiannual reports, results of neu- 
tron dif fract ion studies of magnetic ordering in 
Er,03 (ref 1) and of paramagnetic scattering by 
Ho,03 (ref 2) have been described. In the work 
on Ho,03 some preliminary measurements a t  low 
temperatures were made which indicated that 
Ho 0 becomes magnetically ordered in  the l iquid- 
hel ium temperature region, although it was neces- 
sary to apply an external magnetic f ie ld in order 
to  obtain strong coherent magnetic reflections. 
An extensive study of the magnetic-scattering 
properties o f  polycrystal l ine Ho,03 as a function 
of temperature and o f  externally applied f ie ld has 
now been completed. In this report the rather 
complex series of data so obtained i s  described, 
and some quali tat ive aspects of i t s  interpretation 
are outlined. 

? 3  

E X P E R I M E N T A L  P R O C E  D U R E  

Neutron dif fract ion patterns o f  polycrystal l ine 

Ho,03 were taken with moderate resolution by 
means of Soller s l i t s  a t  temperatures ranging from 
4.2 to 1.25OK and in applied f ields up to  16.3 
kilooersteds.. The data so obtained were com- 
pared with a standard dif fract ion pattern taken 
at  77OK. The standard 77OK diffract ion pattern 
was subtracted from each o f  the low-temperature 
patterns to give a series o f  difference patterns 
that display essential ly only the magnetic- 
scattering effects which develop a t  the lower 
temperatures. A number of the stronger ref lect ions 
were studied in greater detai l  by fol lowing their 
peak intensit ies as a function of f ie ld and tem- 
perature. 

C R Y S T A L L O G R A P H I C  A N D  M A G N E T I C  
P R O P E  R T l E S  

The high-temperature magnetic and nuclear 
scattering data for Ho,03 have already been 
described., For completeness, a brief review of 
the crystallographic and magnetic properties o f  
Ho,03 which are pertinent t o  the report i s  given. 

'W.  C. Koehler et al.. Phys .  Semiann. Ptog. Rep. 

C. Koehler et al., Phys. Semiann. Ptog. Rep. 

Sept. 10, 1956, ORNL-2204, p 44. 

March 10, 1956. ORNL-2076, p 48. 

The sesquioxides o f  the heavy rare-earth metals 
crystal l ize in the cubic TI,03 structure. The 
body-centered cubic uni t  ce l l  contains 16 mole- 
cules, and the 32 metal ions occupy two sets of 
nonequivalent special positions of the space group 
T i  = la3. One set of 24 metal ions has a s ingle 
parameter u which, although notdirect ly determined 
for Ho,03, has been reported as u = -0.030 for 
the isomorphous mineral b i ~ b y i t e . ~  I f  one ignores 
th is parameter, the metal ions are on face-centered 
cubic positions, and the structure may conveniently 
be viewed as one intermediate between the f luori te 
and the zinc blende structures. 

In the f luori te structure each cation is surrounded 
by eight anions a t  the corners of a cube. I f  two 
of these are removed in the proper manner the 
Ho,O, structure results. Corresponding to the 
two sets o f  metal positions there are two types o f  
oxygen ion neighborhoods in the structure: for 
the metal ions without parameter the two oxygen 
vacancies l i e  a t  opposite ends o f  a body diagonal; 
for the metal ions wi th parameter the vacancies 
occur a t  opposite ends o f  a face diagonal. In each 
case the orientations of the lines of vacancies 
vary according to  the symmetry requirements o f  
the space group. 

The high-temperature magnetic susceptibi l i t ies 
o f  rare-earth sal ts in general indicate strongly 
that i n  the rare ions the magnetic moments arise 
from 41 electrons arranged in accordance with 
Hund's Rule. In Hot++ the ground state has maxi- 
mum spin (S = 2) and maximum orbital angular 
momentum ( L  = 6), and these are coupled by the 
spin-orbit interaction so that the maximum ] (1 = 8) 
l ies  lowest. To this ground state corresponds an 
effect ive magnetic moment of 10.6 Bohr magnetons. 

For many of the rare-earth ions the Hund's Rule 
ground state may be sp l i t  by crystal l ine-f ield 
interactions. The detai ls o f  this sp l i t t ing  w i l l  
depend, among other things, upon the ion in 
question and upon the symmetry of the c rys ta l l ine , " '  
e lectr ic f ie ld in which i t  i s  found. A part icularly 
detai led analysis of paramagnetic resonance data 
for rare-earth ethylsulfates has been given by 

'L. 
(1930). 

Pauling and M. D. Shappell, 2. K r i s t .  75, 128 
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E l l i o t  and st even^,^ and, for the cases studied, 
over-al l  spl i t t ings of the ground level of about 100 
wave numbers were derived. Although the theory 
developed for the rare-earth ethylsulfates i s  prob- 
ably not direct ly applicable to the oxides, i t  may 
be expected that crystal l ine-f ield spl i t t ings of the 
same order of magnitude w i l l  be present. The 
situation in the oxide i s  further complicated by 
the fact that the environment of the Hot" ions 
i s  not the same for a l l  ions, and the dif ferent 
crystal l ine-f ie ld symmetries may lead to  dif ferent 
splittings. It should also be noted that for one or 
both sets of Hot" ions, a ground state corre- 
sponding to  = 0 is possible, since Hot" has 
an even number of 4f electrons. 

In addit ion to possible crystal l ine-f ield inter- 
actions, the oxides are suf f ic ient ly magnetically 
concentrated that d i  pole-d i pole interactions and 
exchange interactions among the Hot'' ions may 
be expected to  be significant, part icularly at tem- 
peratures in the liquid-helium range. 

E X P E R I M E N T A L  R E S U L T S  

In the fol lowing paragraphs a brief description 
o f  the rather complex series of magnetic-scattering 
effects observed in Ho20, i s  given and illustrated. 
The results obtained in zero f ie ld are taken up 
first, and a series o f  difference patterns obtained 
at  several temperatures i s  shown in Fig. 1. The 
indices shown refer to  the chemical un i t  c e l l  of 
Ho203 (ao = 10.606 A). Each o f  these patterns 
exhibi ts a broad dif fuse maximum centered near 
the (111) position, and the maximum i s  seen to 
increase with decreasing temperature. The general 
characteristics o f  these data are suggestive o f  
short-range antiferromagnetic ordering. At  tem- 
peratures below about 2.0°K there i s  a s l ight  but 
d is t inc t  change in the shape o f  the dif fuse maxi- 
mum which may be indicative o f  the onset of a 
long-range ordering transition. If this be the case, 
the temperature dependence of the data from 2.0°K 
down would indicate that only a fraction of the 
moments can be part icipating i n  the ordering, and 
from the absolute intensit ies the moments must be 
much less than the maximum of 10 Bohr magnetons. 

Alternatively, the sl ight evidence o f  coherence 
may be due to the effects o f  a small residual f ie ld  

4K. W. H. Stevens, Proc. Phys .  SOC. (London) A65, 
209 (1952); R. J. Ell iott  and K. W. H. Stevens, Proc. 
R o y .  SOC. (London) A215, 437 (1952); A218, 553 (1953); 
A219, 387 (1953). 

Fig. 1. Zero-Field Difference Potterns of Ho203. 

in the magnet gap, although precautions were 
taken during the experiments to demagnetize the 
magnet for zero-field runs. As  w i l l  be seen below, 
the ef fect  o f  the magnetic f ie ld i s  greatest a t  the 
lower temperatures. In either case the zero-field 
data imply that a completely ordered state has 
not set in, even a t  1.25'K. 

In contrast wi th the zero-field data of Ho 0 , it 
i s  interesting to  examine the data previously 
reported' for Er203, which are i l lustrated i n  Fig. 2. 
At  4.2OK the difference-pattern characteristics o f  
short-range antiferromagnetic ordering are also 
observed, but at  lower temperatures the broad 
maximum i s  replaced by the series of sharp coherent 
ref lect ions shown, and h e  transit ion temperature 
i s  a t  abaut 4.0°K. 

W i t h  the application o f  a magnetic f ie ld to  the 
Ho203 sample, one observes the development o f  
sharp coherent magnetic ref lect ions which appear 
a t  posit ions characteristic of antiferromagnetic 
ordering. The distr ibution o f  magnetic intensity 
among the several ref lect ions depends upon the 
f ie ld  strength and upon the temperature. In Fig. 3, 
resul ts of the application o f  the f ie ld  to  the sample 
a t  4.2OK are shown. One notes a dimunition o f  the 
background scattering level wi th increasing f ie ld  

2. 3 
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Fig. 3. Field Effect on HozOJ at 4.2OK. 

and a simultaneous increase o f  coherent intensity 
a t  the (110), (112), (310), and. (312) positions. 
The last  two ref lect ions are only apparent wi th 
the maximum field. It i s  also apparent that a 
residual broad dif fuse peak remains, even in the 
strongest field, but i s  much more str ik ing for the 
intermediate fields. The reflections which are 
observed ,have the property that two of the indices 
are odd and one i s  even, and one w i l l  note that 
it is just this type of ref lect ion which was ob- 
served for Er,O,. 

At  1.25'K a more complex behavior is observed, 
as i l lustrated i n  Fig. 4. For a f ie ld of just 520 
oersteds one notes a dist inct  (112) ref lect ion and 
possibly also a (110) superimposed upon the 
dif fuse maximum. As the magnitude of the f ie ld  
increases, ref lect ions of a l l  types grow in. Of 
particular interest are the (100) and (210) reflec- 
t ions which grow in to  maximum intensity at  about 
5.0 kilooersteds, after which they begin to diminish 
in intensity. At 16.3 kilooersteds the strong re- 
f lect ions are again those of the type (110), (112), 
etc., but in addition one finds ref lect ions o f  
moderate intensity which have a l l  indices even. 
One notes also that the (11 1) ref lect ion is strongest, 
although always very weak, a t  about 2.66 kilo- 
oersteds. One may also observe that the dif fuse 
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Fig. 4. Field Effect on HoZ03 at 1.25'K. 
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peak i s  nearly completely gone a t  1.25OK and 
1 6.3 k i I ooers teds . 

The results described above, together wi th 
addit ional data, are shown in Fig. 5 for the (110) 
ref lect ion and in Fig. 6 for the (112). For the 
(1 10) ref lect ion the intensity increases uniformly 
as a function of temperature for a f ixed field. The 
curvature in strong f ields i s  probably not real, 
since the peak intensity data displayed here are 
uncorrected for background changes. When such 
corrections are made, i t  i s  apparent that the (110) 
intensity i s  far from saturation. At  the lowest 
temperature and highest f ie ld the (110) i s  just 
about ha l f  as strong as i t  can possibly be. Curves 
obtained for the (1 12) ref lect ion show an inf lect ion 
i n  the high-f ield region which is real, and may 
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indicate changes in moment direct ion as a function 
o f  applied field. For example, the rat io of in- 
tensit ies of the (110) to the (112) i s  very sensit ive 
to  the moment direction. In weak f ields this rat io 
i s  about unity, whereos in strong f ields the (110) 
is the stronger. In Fig. 7 the region o f  observa- 
t ion of the (210) ref lect ion i s  illustrated. As 
shown here the (210) is  not observed for any f ie ld  
value a t  temperatures above about 1.5'K, and i t  
disappears for f ields in excess of  about 8.0 kilo- 
oersteds. 

DISCUSSION 

As mentioned above, one may expect crystal l ine- 
f ie ld  interactions in Hot" of the order of 100 
wave numbers. One may also make crude estimates 
of the strength of other possible interactions. I f  
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one estimates the mutual interaction energy o f  
two dipoles o f  10 Bohr magnetons magnitude that 
are separated by the nearest-neighbor distance in  
Ho203, an energy corresponding to  a temperature 
o f  3 O K  results. The interaction of an applied 
external f ie ld of 16.3 kilooersteds on a holmium 
ion may be approximately expressed as 1°K per 
Bohr magneton of moment. I f  one takes as an 
estimate o f  the exchange interaction the observed 
transition temperature of Er203, which i s  of the 
order of a few degrees, then there are a number 
of possible interactions, a l l  of the same order of 
magnitude. 

Of rather great interest i s  the role of the mag- 
net ic f ie ld  on the scattering properties of the 
material. It seems apparent that there exists some 
type of short-range correlation between the holmium 
ion moments in the absence of a field, but that as 
a magnetic f ie ld o f  increasing strength is applied, 
long-range order sets in. It i s  d i f f i cu l t  to con- 
ceive of a mechanism by which an.external f ie ld 
applied parallel to  the scattering vector can in- 
duce long-range order in such a system, although 
the possibi l i ty  that there exist  small domains 
in zero f ie ld should, perhaps, not be excluded. 

Qualitatively, a mechanism does ex is t  whereby a 
Zeeman effect on levels close to  the ground level, 
but l y ing  above it, can produce states o f  large 
ly ing lowest, and then ions in these states may be 
ordered. It i s  interesting in th is connection to  
recal l  that the intensity of the (110) ref lect ion a t  
16.3 kilooersteds and 1.25OK is nearly ha l f  as 
large as it can possibly be, and there is some 
indication that it would continue to increase in  
intensity i f  higher f ields were available. Obviously 
th is cannot continue indefinitely, for a t  suf f ic ient ly 
high f ields the system w i l l  approach paramagnetic 
saturation. 

The complex growth and disappearance of some 
of the ref lect ions and the changing intensity rat ios 
of others may ref lect  the competition of several 
interactions and may also be related in a subtle 
way to  differences in the level spl i t t ings of the 
two types of ions. 

The assistance o f  H. R. Child in col lect ing and 
processing the data i s  gratefully acknowledged. 
The authors wish also to express their apprecia- 
t ion to  F. H. Spedding for making the Ho203  
available. 

MAGNETIC ORDERING IN MANGANESE SESQUIOXIDE 

J. W. Cable M. K. Wilkinson 

The antiferromagnetic ordering o f  magnetic ions 
in the body-centered cubic bixbyite structure has 
been described for the E r203  system in a previous 
report, ' The isomorphous system Mn,03 offers 
the opportunity o f  extending the investigation o f  
th is  type of lat t ice into the 3d transition-metal 
series. Magnetic data for Mn203 have not been 
reported below 90°K; however, measurements in 
the paramagnetic region show that the susceptibi l i ty 
fol lows the Curie-Weiss law [x, = c,/(T - e)], 
with a large negative Weiss constant. Measurements 
in the 293 to 580°K region2 y ie ld  the expression 
X, = 6.72/(T + 18 l )and pB = 3.66 Bohr magnetons, 
whi le the 90 to 294OK data3 give xM = 6.52/(T+ 226) 

'W. C. Koehler et al., Phys .  Semiann. Prog. Rep.  

2S. S .  Bhatnagar e t  al., J .  C h e m  SOC. 1433 (1939). 
3W. H. Albrecht, 2. anorg. Chem. 259, 291 (1949). 

Sept .  10, 1956, ORNL-2204, p 44. 

E. 0. Wollan W. C. Koehler 

and pB = 3.58 Bohr magnetons. Heat-capacity 
data4 have recently been obtained in the tempera- 
ture range 51 to  298OK. There i s  a sharp h y p e  
anomaly a t  79'K, a t  which temperature the heat 
capacity r ises by a factor of 2 above the extrapo- 
lat ion from higher temperatures. In view of these 
magnetic and thermal properties, i t  seemed quite 
l i ke ly  that antiferromagnetic ordering would occur 
in Mn203, wi th a Ne61 temperature o f  *80°K. 
Accordingly, a neutron diffraction study o f  the 
system has been carried out. 

The Mn203 was prepared by ignit ion of MnCO, 
in an oxygen atmosphere a t  a temperature of 75OOC 
for a period o f  3 hr. The product, a black powder, 
was shown by x-ray analysis to  contain only a 
s l igh t  impurity. The ~Mn,0, structure (bixbyite 

4E. G. King, J .  Am. Chem. SOC. 76, 3289 (1954). 
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type) was confirmed for the sample, with a. = 
9.414 i. 

Neutron dif fract ion patterns were taken a t  several 
temperatures from room temperature to I iquid- 
he1 ium temperatures. The room-temperature pattern 
i s  typical of a paramagnetic substance with co- 
herent nuclear reflections superimposed on a 
background which decreases with increasing 
counter angle. Below 88'K, additional coherent 
scattering is observed due to  the onset o f  anti-  
ferromagnetic ordering, and these peaks continue 
to  increase in intensity as the temperature i s  
lowered. A temperature difference pattern (4.2 to  
298'K) which depicts only the magnetic scattering 
i s  shown in Fig. 1. The negative background 
represents the paramagnetic scattering a t  298'K 
and corresponds to an effect ive spin o f  1.81. Th is  
i s  in fair agreement with the spin value, S = 2, 
for the Abt++ ion i f  one considers that complete 
magnetic order has not been attained at  4.2'K. 
Th is  i s  best shown in Fig, 2, in which the in- 
tensit ies of the f i rs t  three magnetic ref lect ions 
are plotted as a function of temperature. Both the 
(100) and the (111) appear to  be saturated a t  the 
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lowest temperatures, but this i s  not true of the 
(110). Preliminary calculations on the coherent 
magnetic data indicate approximately 90% satura- 
t ion a t  4.2’K. Such calculations are necessarily 
approximate, since a unique structure determina- 
tion has not yet been made. 

Some insight into the magnetic structure of th is  
system can be gained by ut i l izat ion of the four 
sublatt ice models, as described in a previous 
report.’ The metal ions in the bixbyite structure 
are very nearly on face-centered cubic positions. 
Th is  lat t ice can conveniently be subdivided into 
four simple cubic sublattices. A convenient 
c lassi f icat ion of simple cubic sublatt ice structure 
types has been previously d e ~ c r i b e d ’ . ~  and w i l l  
be incorporated here without further explanation. 
According to this description, type A sublattices 
contribute only to reflections with one odd and 
two even indices, type B to  those with a l l  indices 
even, type C to  those with two odd and one even, 
and type G to those with a l l  indices odd. Thus 
a reasonable explanation of the (100) (210) (300) 
(221) ... series of reflections in the temperature 
difference pattern would be the presence o f  an 
A-type sublattice. Similarly, the series (110) 
(211) (310) (321) (411) (330) ... can be attributed 

5E. 0. Wollon and W. C. Koehler, Phys.  Rev. 100, 
545 (1955). 

to a C-type sublattice, and the series (111) (311) 
(331) (333) (511) ... to a C-type sublattice. The 
absence o f  reflections with a l l  indices even ex- 
cludes the B-type sublattice. The data then re- 
quire that the fourth sublattice be of a type which 
contributes intensity both to  ref lect ions with a l l  
odd indices and to those with one even and two 
odd indices. This can be seen from the tempera- 
ture dependence of the (loo), (1 lo), and (111) 
ref lect ions (Fig. 2). In this figure the (100) in- 
tensity fol lows the normal BriIIouin-type de- 
pendence. The (110), however, does not reach 
saturation, and the (111) saturates a t  a higher 
temperature than normal. Both anomalies could 
be explained i f  the fourth sublattice were disposed 
in  such a way as to  add intensity to the (110) 
ref lect ion and cancel intensity of the (111) re- 
flection. Thus a plausible description o f  the 
system i s  that i t  consists of one A, one C, one 
GI and one E type of sublattice. 

It should be pointed out that a determination o f  
sublatt ice types present does not consti tute a 
structure determination for the system. There are 
numerous ways in which the sublattices can be 
added together. Furthermore, the sublattice model 
is not unique, and other more complicated models 
could wel l  be required for this complex magnetic 
system. Calculations are being continued in  an 
attempt to f ind an acceptable structure. 

LOW-INTENSITY BACKGROUND MEASUREMENTS 

P. R. Bel l  R. C. Davis G. G. Kel ley 

Counting o f  weak sources with scint i l lat ion 
spectrometers i s  l imited by the natural background. 
A study o f  the nature of this background i s  being 
made in order to understand this limitation. 

The background in Nal(TI)  crystals has pre- 
viously been examined with small crystals, but 
the counting rates a t  high energy were incon- 
veniently small. A large crystal weighing about 
100 Ib has been used, and pulses to  350 Mev 
gamma-ray equivalent energy have been examined. 

The phosphor used was a 93/4-in.-dia by 11-in.- 
high single crystal of Nal(T1). Three 5-in. photo- 
mult ipl iers were used. The detectors could be 
surrounded in successive layers by 3 / 6  in. of 

boron carbide plastic, 2 t  in. o f  Pb and 11/2 in. 
o f  solut ion phosphor as an anticoincidence mantle. 
Th is  equipment i s  mounted in a truck, along w i th  
a multichannel analyzer and other necessory elec- 
tronic equipment. The truck i s  equipped with a 
110-v 60-cycle generator. 

Figure 1 shows the background spectrum a t  the 
Laboratory at  an elevation of 800 ft above sea 
level. Figure la  shows the background. wi th the 
anticoincidence mantle not operating and with no 
shield around the crystal, except for 4 in. of lead 
on the floor of the truck. The low-energy peak i n  
the spectrum i s  produced by the 1.46-Mev gamma 
ray of K40, and the peak a t  2.62 Mev i s  that from 
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Fig. 1. Background Counts in 9z - in .  Nal(TI )  Crystal 

East of Building 4500. (a), ( b ) ,  and (c )  have 40 x 40 x 4 
in. lead floor shield; ( d )  has 20 x 20 x 2 in. lead floor 

shield. 

ThC". These gamma rays originate pr incipal ly in 
the so i l  around the truck. 

When the .anticoincidence mantle i s  used, 
Fig, 16 results. Spectra la  and 16 are nearly 
identical up to 5 MeV, where a noticeable dif- 
ference begins. This difference becomes very 
large above 20 to  30 MeV equivalent energy. 

The addition of a t6-in,-thick boron carbide 
plast ic shield very close to the phosphor to re- 
move any thermal neutrons produced the ef fect  
shown in Fig, IC. This shield has a noticeable 
ef fect  from 3 to 8 MeV. This i s  just the region o f  
the prominent response of Na l  to  neutrons. Figure 
2 i s  the spectrum, produced by a Po-& neutron 
source on this crystal, which supports this view. 
The source was shielded by 2 in. of lead to  re- 
duce the intense 4.44-Mev gamma rays from C1** 
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Fig. 2. Po-Be Source on 94 - in .  3 Nal(TI )  Crystal. 

Anticoincidence mantle and 2-in. lead shield. 

that were emitted by the source. The background 
spectrum was s t i l l  further reduced by a 2t- in.-  
thick lead shield around the phosphor and the 
boron carbide shield (Fig. Id). Both shields were 
inside the anticoincidence mantle so that they 
might reduce incoming gamma rays without being 
a source of secondary radiations produced in them 
by the charged components o f  the cosmic-ray 
stream. A tenfold reduction of radioactivi ty gamma 
rays i s  evident. In the region 5 to 8 Mev the re- 
duction factor i s  -5. 

The upper curve o f  Fig. 3 shows the background 
a t  much higher energy, without lead or anticoinci- 
dence mantle. The next lower curve shows the 

46 



P E R I O D  E N D l N G  M A R C H  10, 1957 

. 
0 0  

. 

. 

UNCLASSIFIED 
2 -04 -077 -10 -26 -  5 6  

to2 1 I I I I I 

q I I I I I 

5 

2 

I O  

5 

2 

I 

u C L I N G M A N S  DOME 

0 5  

0 2  

to-' 

5 

2 

( c  1 CAD€ S COVE T U N N E L  

10-2 I 
0 2 4 6 8 I O  I 2  

ENERGY (MeV) 

Fig. 3. High-Energy Background in 9$-in.-dia 

Nal(TI) Crystal at Laboratory. Elevation, 800 ft. 

background with lead and without anticoincidence 
mantle and shows that the lead shielding effect 
declines considerably in the region of the broad 
peak at  about 128 Mev gamma-ray equivalent 
energy. This peak i s  produced by p mesons which 
penetrate the crystal. Above the region of th is 
peak the lead again shows more shielding effect. 

The lowest curve of Fig. 3 shows the background 
with both lead and anticoincidence mantle. The 
low shielding effect o f  the lead from - 4  Mev 
upward leads us to believe that many of  these 
pulses are produced by fast neutrons o f  energies 
up to  a t  least 350 Mev for the larger pulses. 

Runs were made at  an elevation o f  6400 ft above 
sea level (Clingmans Dome), and a considerable 

increose in counting rate in the region 3 to  8 Mev 
was found (Fig. 4a). The increase from 6 to 8 Mev 
was about 2.3 times, while the increase of the 
mesonic component, as measured by the peak a t  
-128 MeV, was only a factor o f  1.36. This greater 
increase in the 3- to 8-Mev region would be ex- 
pected i f  the response was caused direct ly or 
indirect ly ' by neutrons, since they are known to 
increase with alt i tude more rapidly than mesons. 
A run made in  a tunnel under -50 ft o f  rock gave 
the result shown in Fig. 4c. A great reduction o f  
the counting rate above 3 Mev i s  evident. 

Figure 4b shows the reduction of the radioactivi ty 
portion o f  the spectrum obtained when the counter 
i s  over a body of water on a bridge, 
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An examination of the fluctuations o f  the counting fluctuations are noted in the "above 6.5 MeV" 
rate with anticoincidence in operation in the region record that are not found in the "above 8.4 Mev" 
6.5 to  8.4 Mev a t  a fixed location i s  being made. record. The source of the variations i s  not yet  
Figure 5 i s  a section o f  the record. Considerable known. 

UNCLASSIFIED 
2-01-077-3-6-57 

2 5  

2 0  

L c 

9 
L 
aJ 
0 

6 1 5  
" e 
2 
c 
3 0 

10 

0 5  

1 ABOVE 6 5 
V 

ABOVE 8.4 Mev 

-L 
2 PM 4 6 8 10 42 2 A M  4 

WED. MARCH 6 
8 40 42 2 PM 4 

THURS. MARCH 7 

3 Fig. 5. Background in  94 - in .  Nal(T1) Crystal. With 2 t - i n .  laad shield, j 6 - in . .  boron carbide, and anticoincidence 

' mantle. 

THE A-8 LINEAR AMPLIFIER 

G. G. Ke l  ley 

The fol lowing changes have been made in the 
A-8 linear ampli f ier '  since it was reported pre- 
viously: 

1. The over-all gain was found to be unneces- 
sar i ly  large and was reduced to 7000 in the main 
amp1 i f  ier. 

' G .  G. Kel le  Phys. Semiann Prog. Rep. Sept. 10, 
1956, ORNL-22h, p 49. 

2. The 4036-6197 combination was found to. be 
inadequate for driving a long 100-ohm cable. 
These tubes may be replaced by a 404A and a 
417A, respectively, t o  provide the necessary 
per formonce. 

3. Several improvements were made i n  the pulse- 
height selector. 

The revised diagram i s  shown in Fig. 1. 
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CONFERENCE ON NEUTRON PHYSICS BY TIME-OF-FLIGHT 

Organized by W. M. Good, J. A. Harvey, and A. H. Snell 

A conference on neutron physics by time-of- 
f l i gh t  was sponsored by the Physics Div is ion on 
November 1-2 at  Gatlinburg. The conference was 
attended by more than 100 scientists, representing 
the national laboratories and some universit ies in 
the United States and the government laboratories 
of Canada and England. 

The conference covered a wide range o f  topics 
in neutron nuclear physics. Thorough discussion 
was given to the measurements and the interpre- 
tat ion o f  total cross sections in the energy range 
from a few electron volts to 1 or 2 MeV. Results 
giv ing the progress in the study of elast ic and 

inelastic neutron scattering were shown and dis- 
cussed. Recent developments in the techniques 
for studying f ission and the results from them 
were presented. 

The meeting was organized into short papers 
giv ing new results, and featured speakers included 
Bretscher, Lane, Hughes, Wigner, Wheeler, and 
Bollinger. A comprehensive report o 
conference has been prepared and wi I 
shortly. ' 

'Conjerence  on Neutron Physics by 
ORNL-2309 (in press). 

the complete 
be published 

Time-o j -Fl igh t ,  

\ 
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