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NEUTRON PHYSICS

Resonance Parameters of PuZ39

The neutron velocity selector (fast chopper) described in the preceding Annual
Report (ANL-5610) has been employed in making direct and independent measurements
of all partial widths of the low-energy resonances of PuZ39

• These measurements allow
computation of the average values of the resonance parameters, which are important
both for nuclear theory and for application in reactor engineering.

All quantities were measured with the same system in order to obviate the
difficulties encountered in relating the partial cross sections when measured by dif­
ferent groups using different equipment. The resolution was much better than in pre­
vious work because of the large flux of neutrons from the CP-5 reactor and because
of improvements in the chopper, the time analyzer and the detecting system (Fig. 1).

Fig. 1. Flight tube and detector stations for the fast chopper. The source of the neutrons is the
research reactor CP-5 housed in the building at the right. The small buildings, which
house the detectors, are respectively 25 meters and 60 meters from the chopper. The
speed of the neutrons, which varies from 15 microseconds to 30 milliseconds, is found
by electronically timing the flight from chopper to detector.

The individual experiments on PuZ39 were the following:

(1) Using a boron-loaded liquid scintillator as the detector, the total cross sec­
tion was found by neutron transmis sion measurements.

(2) A thin film (1 mg/cmZ ) of plutonium was applied to the inner surface of a
gas scintillation counter, the development of which was described in the 1955 Annual
Report, and the fission fragments resulting from irradiation of this PuZ39 by neutrons
were counted. Pulses due to alpha particles from the radioactive decay of plutonium
were rejected by a pulse-height analyzer, spurious large counts due to the almost
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The Rotat ion of Elongated Nuclei 

Some of the m o s t i n t e r e s t i n g developments in n u c l e a r phys ics a r e m a n i f e s t a ­
t ions of the fact that m o s t nucle i a r e not pe r fec t s p h e r e s . The ou t -o f - roundnes s was 
d i s c o v e r e d in s p e c t r o s c o p i c e x p e r i m e n t s on the "hyperf ine s t r u c t u r e " which showed 
that the ene rgy of the a t o m depended s l ight ly on the angle be tween the ax i s of the nu­
c leus and the plane of the mot ion of an e l ec t ron in a long and n a r r o w e l l ip t ica l o rb i t . 
The nucle i m a y be e i the r oblate (somewhat f la t tened f rom s p h e r i c a l shape , l ike a 
doorknob) or p r o l a t e (somewhat e longated, l ike a wa t e rme lon ) s p h e r o i d s . The p r o l a t e 
shape i s m o r e common and m o r e pronounced, e x t r e m e c a s e s having t h e i r longes t d i ­
a m e t e r a l m o s t 1.5 t i m e s the i r s m a l l e s t d i a m e t e r . The knowledge of nuc l ea r shapes 
has been i m p r o v e d by the m o r e r e c e n t m o l e c u l a r beam and magne t i c r e s o n a n c e i n v e s ­
t igat ions . 

To explain a n u m b e r of phenomena o b s e r v e d in n u c l e a r r e a c t i o n s , g a m m a r a d i ­
at ion, and s ca t t e r i ng e x p e r i m e n t s , a s well a s the fact that the dens i ty of n u c l e a r m a t t e r 
i s a l m o s t independent of the n u m b e r of nuc leons , t h e o r i s t s w e r e l ed to a s s u m e that the 
fo rces between nucleons w e r e effective only over a v e r y s h o r t r ange - in c lose analogy 
with the fo rces r e s p o n s i b l e for su r face t ens ion in l i qu ids . This i s the b a s i s of the 
"liquid d r o p " mode l of the nuc leus developed by Niels Bohr and J . A. Whee le r . 

To explain the de fo rmat ions , it i s n e c e s s a r y to cons ide r the cent r i fugal fo rces 
e x e r t e d by the nucleons in t h e i r o rb i t s ins ide the "drop le t . " Much a s in the e l e c t r o n 
she l l s of a t o m i c s t r u c t u r e , the p ro tons (and, a l m o s t independent ly , the n e u t r o n s ) fill 
she l l s in the n u c l e u s . A shel l of p ro tons (or of n e u t r o n s ) cons i s t s of a l l the o rb i t s 
having the s a m e shape and energy but different a l lowed o r i e n t a t i o n s . When a shel l i s 
fi l led (closed) the nucleons a r e uni formly d i s t r ibu ted in space , i . e . , the a v e r a g e d i s ­
t r ibut ion of the nucleons c o m p r i s i n g a c losed shel l i s s p h e r i c a l l y s y m m e t r i c a l but has 
a v e r y fuzzy outer s u r f a c e . A single o p e n - s h e l l nucleon in an o rb i t j u s t ins ide the s u r ­
face of the d rop le t " i s analogous to a s m a l l bal l ro l l ing a round v e r y fast ins ide a 
rubbe r balloon whose e la s t i c i ty suppl ies the " su r face t ens ion . " The bal l tends to 
s t r e t c h the balloon where i t pushes on it; if i t m o v e s so quickly that the rubbe r does 
not snap back before the ba l l r e t u r n s , the bal loon b e c o m e s somewhat f la t tened. This 
explains the oblate (flattened) nuc le i . 

When t h e r e a r e s e v e r a l o p e n - s h e l l nuc leons , the nucleus i s usua l ly e longated 
in s t ead . Although it i s not quite so ea sy to m a k e a valid p i c tu r e showing why this 
happens , a good idea of the effect is given by thinking of two nucleons c i r c l ing a round 
ins ide the su r face in p lanes n o r m a l to each o t h e r . T h e i r paths i n t e r s e c t a t two op­
pos i te po le s , and a t t he se po l e s , where they both a r e pushing the su r face out, the bulge 
is g r e a t e r , so the nucleus is e longated (pro la te ) . Other p r o p e r t i e s of the wave functions 
and the i r nodes in a w a v e - m e c h a n i c a l de sc r ip t i on s t r eng then th is t endency . 

Since the n u c l e a r fluid contains p r o t o n s , it i s e l e c t r i c a l l y cha rged and tends to 
push i t se l f a p a r t . This d i s rup t ive tendency is opposed by the " s u r f a c e t ens ion" of the 

d rop le t . " Thus the s t r eng th of the su r face tens ion can be d e t e r m i n e d f rom the fact 
that only for heavy nucle i l ike u r a n i u m does it fail to hold the nuc leus toge ther aga ins t 
the e l e c t r i c r epu l s ion . This fa i lu re i s the s p e c t a c u l a r phenomenon of n u c l e a r f i ss ion . 
The i m p r e s s i v e fact for the p r e s e n t a r g u m e n t i s that the s t r eng th of su r face tens ion 
needed to explain f i ss ion i s a l so j u s t about r igh t to explain the amount of deformat ion 
of e longated nucle i (such a s rub id ium and lu t ec ium) and the a s s o c i a t e d quadrupole 
m o m e n t s . 
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Evidence for the rotation of nuclei is obtained from experimental measurements 

of their allowed energy levels. Rotation has been observed only for nuclei with large 
deformations, and all large deformations a re prolate (elongated). A wave-mechanical 
treatment of a rotator (such as a diatomic molecule or prolate nucleus) leads to the 
equation: 

/ Rotational \ _ 1(111)/ h V 
\ Kinetic Energy] ' 21 \ 2 T r j 

where I is the moment of inertia of the rotator, h is Planck's constant, and J is an in­
teger. If the rotator is symmetrical (i.e., if the two atoms in the molecule are the same, 
as in Oj, or if the prolate nucleus has both ends the same size) so that a 180" rotation 
leaves the system unchanged, then J can only be even. The experimental discovery in 
some nuclei of sequences of 4 or 5 levels with energies proportional to J(J+l), within 
a fraction of a per cent, is striking proof of rotation. 

The elongated nuclei containing an even number of protons and an even number 
of neutrons (the "even-even" nuclei) have energies proportional to 0, 6, 20, 42, etc., 
i .e., proportional to J(J+1) with J an even integer. The fact that J takes on only even 
values shows that the elongation is symmetrical for even-even nuclei. (Rotational 
patterns have also been observed for nuclei having an odd number of protons, but 
their analysis is much more complicated.) 

The success of the liquid-drop model in the Bohr-Wheeler explanation of fission 
and the Rainwater explanation of the deformation of nuclei led Aage Bohr and Mottelson 
to apply it to the dynamics of nuclear rotation. They assumed that nuclear matter has 
constant density and behaves like a simple liquid with no viscosity. When such a liquid 
s tar ts from res t and is set in motion by rotating the container, it moves in "irrotational 
flow." In two dimensions the flow is similar to that of water initially at res t in an el­
liptical wastebasket with vertical sides. When the wastebasket is set in rotation the 
water squishes around to fit the mioving bulge, and a splinter floating on the surface 
moves in a small circle in fixed space without leaving its initial neighborhood or f 
changing its orientation. Thus, although the water does not move with the container 
(as it would if it froze and became a rigid body), it is given some momentum by the 
rotation of the container and therefore contributes a moment of inertia. If AR is the 
difference between the largest and the smallest radii of the ellipse and R is the radius 
of a circle of the same area as the ellipse, then the effective mom,ent of inertia of the 
water in irrotational flow is; 

/ Irrotational \ ^ ( A R V / Rigid \ 
\ Moment of inertia / \ R / \ Moment of inertia / 

(The water would have the rigid moment of inertia if it were frozen.) The nuclear mo­
ment of inertia calculated by this model has only about one-fifth of the value deduced 
from the observed electric quadrupole moments. 

Theoretical work at Argonne has led to the adaptation of the shell model of the 
nucleus to explain why there should be such a discrepancy. In the shell model, each 
nucleon is thought of as moving in a potential determined by the averaged-out effect 
of all the other nucleons in the nucleus. For a closed shell the distribution of nucleons 
(and the associated potential) is spherically symmetric - so that the motion of a nucleus 
corresponds to a small ball rolling in a round potential bowl. In a nucleus with open 
shells the droplet" is distorted, so a nucleon moves in an elongated potential bowl * 
(similar to an elliptical celery dish). For convenience in computation, a harmonic 
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LOW FREQUENCY 
E L L I P S E 

oscillator potential was assumed - one with a weaker restoring force (producing a lower 
frequency) along the longer axis and a stronger restoring force (higher frequency) at 
right angles to this . In an elliptical potential bowl at res t , the normal modes correspond 
to motions Along either the major or the minor diameter. If the particle is not started 
along one of these l ines, it t races out a complicated path called a "Lissajous figure" 
which is compounded from the two normal modes and involves both frequencies. 

Now im.agine that the bowl rotates counterclockwise about a vert ical axis through 
its center. If the ball is started rolling toward the center along the major axis, it tends 
to roll in a straight line in fixed space - which means that it tends to deflect toward the 
right as seen by an observer moving with the bowl, as shown in Fig. 6. Thus an attempt 

to roll the ball directly along the long (low 
frequency) axis fails and both frequencies a re 
involved in the motion. To make the motion a 
fairly simple one with a single frequency, the 
ball must be started in a direction somewhat 
to the right of the long diameter. Then the 
greater slope due to the greater curvature 
along the short diameter will push the ball to 
the left? and if the ball is started properly 
this leftward push will just compensate the 
tendency of the ball to deflect toward the right 
due to the rotation of the bowl. The resulting 
motion relative to the bowl will be an ellipse 
on which the motion repeats with a single fre­
quency. If the rate of rotation of the bowl is 
much smaller than the frequency of the orbital 
motion of the ball, the ball will move in a 
narrow ellipse hugging the long diameter,and 
the frequency is only slightly lower than the 
frequency along that diameter in the absence 

of rotation. The faster the rotation of the bowl, the farther toward the right must the 
ball be started to get this compensation, the fatter must be the ellipse, and the more will 
the frequency be lowered. 

Starting the ball to the right of the long diameter when the bowl has a counter­
clockwise rotation means that the ball t raverses the ellipse in a counterclockwise direc­
tion also, so its orbital motion increases the angular momentum of the system. Because 
the ball t raverses the ellipse many times while the bowl is making one revolution, it has 
much more angtilar momentum than it would have if it were rigidly attached to the bowl 
at the same average distance from the center. Thus the ball contributes much more than 
its share to the total moment of inertia (which measures the angular momentum for a 
given angular speed of the bowl). This is the key to understanding how nuclear moments 
of inertia can be larger than calculated from the "liquid drop" model neglecting the or ­
bital motion of individual nucleons. 

HIGH FREQUENCY 
E L L I P S E 

AXIS OF GREATER CURVATURE 
( H I S H - F R E O U E N O Y VIBRATION) 

Fig. 6. Motions in a rotating elliptical 
celery-bowl potential. The fatter 
ellipses (drawn solid) are evenly 
spaced equipotentials ("contour 
lines" on the potential bowl). 

There is also an elliptical motion about the short diameter of the bowl, with a 
frequency near that of the high-frequency motion along this diameter in the absence of 
rotation. A similar analysis shows that this orbital motion relative to the bowl is 
clockwise when the rotation of the bowl is counterclockwisei so this orbital motion 
decreases the angular momentum of the system and decreases the effective moment 
of inert ia . 



The relation of all this to nuclear behavior depends on the way in which closed 
shells a re formed in nuclei. It takes 50 neutrons (or quite separately 50 protons) in a 
nucleus to fill one of the important closed shells, 82 to fill the next, and so on. The 
"magic numbers" at which shells a re filled a re 2, 8, 20, 50, 82, and 126. It is with 
numbers of neutrons or protons or both nearly half way between these numbers, par­
ticularly near 100, that the most elongated nuclei a re found; and in these parts of the 
periodic table are also found the naost striking examples of nuclear rotation. 

As we have seen, a closed shell has a strong tendency to be spherical, but a few 
added nucleons may elongate i t . These added nucleons tend to populate the states cor­
responding to motions around the long axis of the nucleuSj because the low frequency of 
this vibration means that these a re the low-energy states for the nucleons. But these 
are also the states in which the motion in the elliptical orbits is in the same direction 
as the rotation of the nucleus, so it adds to the angular momentum. The actual nucleon 
states a re compounded of the simple motions near the two axes (and also in the third 
dimension that mat ters very little for this discussion). The first states populated con­
sist entirely of the low-frequency ellipse; the next ones consist mostly of i t . But as the 
shell gets more than half filled, it becomes necessary to put the nucleons in the higher-
energy states that correspond mostly to ellipses about the short diameter. These motions 
are opposite to the rotation of the nucleus and subtract from the total moment of inertia. 
Thus it is that by the time the shell is filled, the counterclockwise elliptical motions a re 
just compensated by the clockwise; and the closed shell has no residue of these individual 
nucleon effects, but only the amorphous moment of inertia characterist ic of a fluid droplet. 

In a nucleus the large majority of the nucleons are in closed shells which con­
tribute only the small fluid-droplet result to the moment of inert ia. The actual moment 
of inertia is about five times this large, but the rapid motion of the relatively few open-
shell nucleons in their narrow elliptical orbits is so rapid that it is somewhat more than 
enough to explain this large difference. Computations now in progress indicate that it 
may be possible to remove the residual discrepancy by modifying the assumed harmonic-" 
oscillator potential to a formi with a flatter bottom and steeper sides - a potential in 
better conformity with current ideas of nuclear forces. 

People have commonly spoken of nuclear rotation as a collective motion because 
it depends on the rotation of the axes determined by the shape of the nucleus as a whole. 
We see, however, that the motion leading to the angular momentum is far from collective, 
since the few nucleons outside of closed shells contribute most of the effect. It must be 
admitted, however, that the others do provide the collective environment - the rotating 
celery dish potential - in which these few can be so productive. 

Lifetime Measurements from Recoil Studies 

Nuclear reactions commonly leave the product nucleus in an excited state. The 
mean lifetime of such a state is a measure of the transition probability, which in turn 
indicates the multipolarity of the radiation. A measurement of the lifetime thus aids 
in the assignnaent of quantum numbers . When such mean lifetimes a re in the range 
from about 10~*° to 10"'̂ '* second, they m,ay be measured by use of the Doppler shift. 

A beam of protons from the Van de Graaff accelerator was allowed to bombard 
a thin layer of Na^^, the only naturally occurring isotope of sodium, deposited as NaCl 
on the back side of a very thin metal foil. When the proton energy is 1.29 Mev, the 
inelastic scattering reaction 

Na^(p .p ' )Na"*(7)Na^3 
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exhibits a very strong resonance at which nearly all the recoiling sodium nuclei are 
excited to the 440-kev state and are projected forward with speeds between 0.1 and 
1.2 X 10* cm/sec and with directions which lie within a 35® cone. Hence the Doppler 
effect introduces a difference of approximately 0.5% between the values of the gamma-
ray frequency as observed looking, respectively, paral lel and antiparallel to the di­
rection of flight of the recoiling nuclei. 

When the excited sodium nuclei (Na*^*) were allowed to recoil directly into a 
vacuum, they emitted gamma rays while traveling at full speed, so the full Doppler 
shift was observed. When the Na*^* nuclei recoiled into a gas in which they were 
brought to res t in about 10"^ second, experimental observation of the full Doppler shift 
showed that the excited state decayed before the speed had been reduced appreciably, 
so the lifetime is less than 10"^ second. 

When the thin target was backed by a layer of tantalum thick enough to bring the 
recoils to rest , the Doppler shift was not observed experimentally. This indicated that 
most of the excited states decayed after the nuclei came to res t , so the lifetime is longer 
than the stopping time of about 10"^^ second. 

Finally, a somewhat thick NaCl target was used to slow the recoils to about half 
their initial speed before they emerged into the vacuum. In this case the Doppler shift 
was not appreciably reduced. Consideration of the average velocity of the recoils at 
the instant of decay under these circumstances indicates a lifetime somewhat shorter 
than the stopping time in NaCl. 

In view of the large uncertainties in the measurements of target thickness and 
the magnitude of the Doppler shift and in ttie rate at which the recoiling nuclei slow 
down in the solid mater ia ls , these last two results should be interpreted as indicating 
that both the probable upper limit and the probable lower limit of the lifetime a re in 
the neighborhood of the stopping time in Ta or NaCl. Thus the lifetime of the 440-kev 
excited state of Na^^ is of the order of lO"''* second. 

Paramagnetic Resonance Spectrum of Curium 

The paramagnetic resonance spectrum of curium in anhydrous lanthanum chloride 
has been measured at room temperature for a wavelength of 3 cm. Seven lines can be 
clearly distinguished, confirming the assignment of seven 5f electrons to this elemient 
and a ground state of ^ST/'J , analogous to the spectrum of gadolinium, which contains seven 
4f electrons. Radiation damage caused by the intense alpha activity of Cm caused all 
transitions to disappear within a few hours, except for the l /2 -^ - l /2 transition, as a 
result of the destruction of the crystal lattice. 

Seven lines were also observed in the spectrum of curium in a magnesium bis ­
muth nitrate single crystal . The larger amounts of curium used in this case caused a 
much more severe radiation damage. Three intense lines caused by the radiation 
damage were particularly noted and attributed to the hyperfine structure of N^*, the 
only isotope in the crystal with unit nuclear spin. 

Decay -Schemes of Short-Lived Radioactive Nuclides 

Just as the study of optical spectra gave the key to the theory of the electronic 
structure of atoms, it is to be hoped that nuclear spectroscopy will lead to a compre­
hensive theory of nuclear s t ructure. In both cases the energy levels of the complex 
systems are inferred from the energies of the emitted quanta. One reason why nuclear 
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spectroscopy is more difficult is that it is not as easy to produce nuclei in excited states 
as it is to excite the electronic levels of the outer s t ruc tures . One method, however, is 
incidental to radioactive decay - the daughter nucleus is often produced in a considerable 
a r ray of excited states of different energies, and gamma rays are then emitted in t ransi ­
tions from higher to lower levels. In spite of the large amount of study already devoted 
to these so-called decay schemes of radioactive disintegration there is still much to be 
learned by this method. At the Argonne Laboratory emphasis has been placed especially 
on such studies of radioactive nuclei having half-lives of but a few minutes. These can 
be studied profitably only in close proximity to a source of the activated mater ial , such 
as at the CP-5 reactor . Often, however, a short-lived activity is intimately associated 
with one of much longer half-life and it is necessary that both be studied carefully at 
the same time in order to understand either. 

The work has been greatly helped by the development of a 256-channel pulse-
height analyzer by the Electronics Division of the Laboratory. The analyzer used in con­
junction with a crystal scintillator and photomultiplier makes a powerful gamma-ray 
spectrometer. It can be used first to survey the gamma-ray spectra and then, by using 
it in coincidence with a single-channel detector of gamma rays or beta rays, to deter­
mine which electrons and quanta are related in rapid sequential emission. 

One such analysis recently completed is that of the decay scheme of Sn'^^ which 
is known to have two isomeric states having half-lives of 9.7 and 9.4 minutes, respec­
tively. The sources used were prepared by neutron irradiation, in the CP-5 reactor , 
of tin enriched in Sn^ . The preliminary studies showed the presence of the 1.97, 1.41, 
1.07, 0.90 and 0.81-Mev gamma rays , but the ones of lower energy were obscured by 
radiations associated with the decay of the Sb̂ ®̂ daughter. Chemical removal of the 
antimony permitted observation of the gamma rays of 0.340 and 0.470 Mev in the Sn̂ "̂' 
spectrum. The level scheme deduced from coincidence measurements is given in 
Fig. 7. All gamma-gamma coincidences indicated in this scheme were observed. 
Further confirmation was obtained by studying beta-gamma coincidences where both 
the pulse-height distribution of beta scintillations in coincidence with selected gamma 
rays and the absorption in Al of the coincident beta rays were investigated. 

Similar studies of Ca*^, Sc*^, Mo"^ and Ce'*^ have been completed recently. 

Reformulations of Quantum Field Theory 

In 1935 Yukawa proposed an explanation of nuclear forces by a hypothetical 
meson field. Some consequences of the meson theory, in particular the existence of 
7T-mesons, have been spectacularly verified, but no reliable quantitative verification of 
meson theory is available as yet. It is the first time in history that not a single observ­
able number could be reliably deduced from a major theory. The reason is that the 
equations of this theory are meaningless if taken l i terally. Meaningful results can be 
obtained only by a hazardous process of re-interpretat ion and introduction of additional 
prescriptions which a re not deducible from prime principles. 

This procedure is known as "renormalization." The resul ts , although meaning­
ful, bear only slight similarity with reali ty. For instance, one of the latest and most 
sophisticated calculations on nuclear forces results in purely repulsive forces between 
nucleons. Fortunately for the theory, these calculations a re also mathematically in­
adequate, i.e., they a re not good approximations to the actual solutions (with renor­
malization). 
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0.40-mm. d i a m e t e r ho les to an ou te r c h a m b e r exhaus ted cont inuously by a m e c h a n i c a l 
p u m p . At each end of the ou te r c h a m b e r was ano ther s m a l l c h a m b e r evacuated by a 
diffusion pump to keep the gas f rom the r e s t of the s y s t e m . The gas p r e s s u r e in the 
inner ce l l was adjus ted between about 0 3 m m and 1.5 m m Hg in o r d e r to keep the en ­
e r g y l o s s of the ions be tween 1% and 9% of the in i t ia l ene rgy - which adequate ly approx i ­
m a t e s a t r u e d i f ferent ia l ene rgy l o s s . 

The r e s u l t s a r e shown in F i g . 9 and F i g . 10. F i g u r e 9 shows the expec ted r ap id 
i n c r e a s e of stopping power with a t o m i c n u m b e r and the g e n e r a l s i m i l a r i t y of the c u r v e s . 
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Fig. 9. Stopping power vs kinetic energy of helium ions for various gases . (Data 
below about 400 kev were obtained by Weyl at the University of Chicago.) 

1 1 

IN ARGON 

0 

• ^ 

/ 

/ -

X -

, - ^ - , 
J ; 5 i 1- i 3 < 3 1 

Fig, 

HELIUM ION ENERGY SCALE (Mev) 

J I 1 1 i LL.I,.I.J I \ I 1 L J L 
01 0 5 10 20 30 40 

10. Ratio of rate of energy loss of 
helium ions to that of hydrogen 
ions vs speed of ions (v = speed 
of ion, c = speed of light). 

F i g u r e 10, which was deduced f rom these and 
o ther s i m i l a r data , shows that above about 
1 .Z Mev the ene rgy loss pe r c e n t i m e t e r of 
path in a r g o n i s about four t i m e s a s g r e a t for 
He as for H ions a t the s a m e speed , indicat ing 
that the he l ium quickly b e c a m e doubly ion ized 
in the g a s . At lower e n e r g i e s the doubly i on ­
ized f rac t ion d e c r e a s e d r ap id ly . The deg ree 
of ionizat ion was c h a r a c t e r i s t i c of the ene rgy 
of the i o n s , independent ly of whe ther the ions 
were s ingly or doubly ion ized in i t i a l ly . 
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# 
SECONDARY EMISSION OF BERYLLIUM IONS 

The nature and energies of ions originating in a solid beryllium target under 
bombardment by positive ions have been investigated with the modified form of double-
focusing mass spectrometer shown in Fig. 11. The essential departures from previous 
designs consist of insulating the 90° electric deflecting system from the source and 
inserting between the electric deflecting plates and the 60® deflecting magnet an extra 
slit system to focus and accelerate the beam. 

COLLECTOR 

MAGNETIC DEFLECTING 
SYSTEM 

FINAL 
ACCELERATOR-

5-10 kv 

Fig. 11. 

GET 

, . ^ ^ ^ I N I T I A L , 
' - ^ ACCELERATOR 

3 0 0 V 
ELECTROSTATIC 

DEFLECTIOK 
SYSTEM 

Schematic diagram of the double-focusing mass spectrometer. The photographic inset 
shows the electrostatic deflection section used to obtain the kinetic energy spectrum of 
the ions. 
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With th is des ign , the difference of potent ia l between the point of o r ig in of the ion 
and the e l e c t r i c a l n e u t r a l of the condense r m.ay be m a d e s m a l l enough that the ene rgy 
a c q u i r e d by the ion in i t s p r o c e s s of fo rmat ion b e c o m e s a s ignif icant f rac t ion of i t s 
to ta l energy a s it e n t e r s the deflect ing system.. Hence the k inet ic ene rgy s p e c t r u m of 
the ions a s they l eave the t a r g e t can be found f rom the ene rgy s p e c t r u m m e a s u r e d by 
the e l e c t r o s t a t i c def lect ion. The m a s s e s of the ions having any given k ine t ic ene rgy 
a r e ident i f ied by the magne t i c def lect ion. The ions a r e de tec ted by an e l ec t ron m u l t i ­
p l i e r feeding into a pulse^count ing s y s t e m and r e c o r d e r . 

The yie ld of b e r y l l i u m ions , when the b e r y l l i u m t a r g e t was b o m b a r d e d with 
1000-ev ions , was found to be a l m o s t independent of the m a s s e s of the impinging ions . 
The k ine t ic ene rgy d i s t r ibu t ion of the Be"*" ions r e su l t i ng f rom b o m b a r d m e n t with neon 
ions i s shown in F ig . 12 along with the Maxwell d i s t r ibu t ion for 14,000° K, which s e e m e d 
to give the bes t fit. F o r ene rg i e s above 3 or 4 ev the d i s c r e p a n c y b e c o m e s rap id ly 
w o r s e , ions being de tec ted with ene rg i e s up to 300 ev. This fa i lure to fit the data with 
a s ingle Maxwell d i s t r ibu t ion was to be expected s ince t h e r m a l equi l ibr i t im should not 
be expected under the condit ions of b o m b a r d m e n t . 
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Fig. 12. Kinetic energy distribution of Be+ ions resulting 
from bombardment with 1000-volt neon ions. 

The k ine t ic ene rgy d i s t r ibu t ions can, however , be expla ined on the a s s u m p t i o n 
that an impinging ion p roduces a v e r y s m a l l hot spot whose hea t diffuses rap id ly into 



the target . On the surface, the expanding region of high temperature would evaporate 
ions until the temperature became too low. Thus the observed energy distribution would 
be the sum. of a continuous sequence of Maxwell distributions corresponding to the de­
creasing temperatures . Although the relative importance of the different temperatures 
involved cannot be determined uniquely from the experimental data, reasonable assump­
tions based on the expected diffusion of heat in the target lead to a qualitative fit. 

STRUCTURE OF SOLIDS 

Hydrides 

Studies of m.etal hydrogen systems by thermal, m.etallographic and X-ray diffrac­
tion methods usually reveal the formation of metal hydride phases, the dimensions of the 
unit cell, and the positions of the metal a toms. The difficulty or inability to locate the 
positions of the hydrogen atoms can be overcome, at least in sim.ple non-magnetic sys­
tems, by utilizing the techniques of neutron diffraction, in which neutrons are scattered 
by the nuclei. 

A structure analysis using a combination of X-ray and neutron diffraction tech­
niques has been carr ied out for the hydrides of titanium and hafnium, using deuterium 
instead of the normal hydrogen isotope. It has been possible to determine the positions 
of the hydrogen atoms in the crystals , the nearest neighbor atoms, and their interatomic 
distances. A determination of the space available to the hydrogen in the lattices of these 
metals has led to the conclusion that the hydrogen must enter in ionic form. 

Another characterist ic of these hydrides is that the first pure hydride phase 
favors the CaFg-type structure, with a fraction of the available atom sites tmfilled. The 
metal-hydrogen bonds in this structure a re anisotropic, and their directional nature be­
comes more pronounced when the face-centered cubic structure transforms to the face-
centered tetragonal structure with contraction along one axis and expansion along the 
other two providing for shorter metal-metal atom bonds. The brit t leness observed in 
these hydrides may be ascribed to these directional bonds rather than to the mechanical 
defects (such as the presence of pores, microcracks , f issures, and intergranular holes) 
generally tnentioned in the l i te ra ture . 

Uranivim Oxides 

The exchange of oxygen between lattice and intersti t ial sites in the UOg structure 
has been studied over a range of interst i t ial oxygen concentrations corresponding to 
UOĵ os through UOĝ go ^^^ over a range of temperatures varying from 350° C to 1200° C. 
The exchange was followed by two reactions: CO reduction and the exchange between 
CO2 and intersti t ial s i tes , together with mass spectrometric analysis of products. 
Under the experimental conditions, the oxygen exchange was complete in 10 minutes 
or less , except in those cases where evidence existed of the U4O9 s t ructure . The r e ­
sults indicate a very mobile anion sub-latt ice. 

Paramagnetic Resonance in Irradiated KCl Crystals 

It has been known for some time that if an alkali halide crystal containing U-
centers is exposed, at sufficiently high temperatures , to light absorbed by the U-centers, 
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