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Pakistan Institute of Nuclear Science and Technology 
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Abstract 

The design, construction and performance of an 
improved vacuum type air-driven centrifuge having 
rotors of various materials and radii are discussed. 
The centrifuge rotor is self-balancing and with the 
titanium rotors of 19 cm in diameter tip velocities 
upto 1.44 x 10 cms/sec have been achieved. The 
apparatus has been built for gamma ray resonance 
scattering studies and it is hoped to extend by about 
25% the energy range of levels accessible by the rotor 
technique. 

1. Introduction 

High speed rotation enioys numerous applications in various 
branches of science such as molecular sedimentation studies in 
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biology and chemistrv (Svedberg et al 1940), enrichment of 
isotopes (Underarm and Aston, 1919; Mulliken,1922 S 1923), 
production/selection of atonic and molecular beams (Beams 
and Haynes, 1935; Beams, 1937; Beans, 1959; Nutt, 1975). 
Other significant uses of high speed centrifuge are in neu
tron spectroscopy e.g. neutron ohoppers (Marion et al, 1963) 
and gamna ray spectroscopy (Moon, 1951; Metzger, 1956). 

Pioneering work on the development of high speed rotation 
was carried out by Beams and his co-workers and Svedberg and 
his student. The former group used air turbine (Beams S Pickles, 
1935; Beams, 1937, Beams, 1938; Beams et al, 1938) or steam 
turbines (Fbxton S Beams, 1937) for driving the rotors and 
air cushion for supporting them, while the latter proup worked 
with oil turbines. Beams and his co-workers also employed 
magnetic suspension (Beams S Snood/, 1937; Skarstrcm 6. Beams ,1940) 
and succeeded in spinning their rotors in vacuum remarkably free 
from friction (Holms 8 Beams, 2937/. With unproved servo-
mechanism and greatly stabilised magnetic suspension they could 
spin rotors of diameters ranging from 0.005 cm to 30 cms and 

—6 6 with weights varying between 10 gm and 10 gms (Beams et al,1946; 
Beams, 1946). Using somewhat similar approaches rotors of speci
fic shapes and sizes meant for special purposes have been developed 
by Moon(1951),Metzger(1956),and Champeney * Moon(1961), Moon et 
al (1974). 



- 3 -

">« imresent paper describes the characteristics and 

performance of a vacuin tvne air-driven centrifuge developed 

for use in «*amr>a rav resonant scatterinp experiments. The 

centrifuge is a version of the one initially used by Metzger 

(1956) and possesses several virtues ttfiich are responsible for 

its usefulness and efficiency. Ihey are 

i) Tolerance of very large centrifugal forces; 
ii) Absence of vibrations during operation; 
iii) Self-halancing nature of the system making 

. accurate dynamical balancing unnecessary; 
iv) low cost and simplicity of construction 

and operation. 

The last two of the above advantages make the apparatus easily 

accessible to a large number of workers. 

2. Description of Apparatus 

In the resonant scattering of gamma rays by Dopoler shift 
H 5 _i 

method , linear velocities of the order of 10 - 10 cm.sec 

are required to compensate for recoil energy losses encountered 

during emission and absorption of radiation as discussed e.g. 

by Moon, 1951; Metzger, 1956; Khan, 1964. Using the centrifuge 

described here a 19 cm dia titanium alloy rotor has been 

successfully spun to speeds of about 2U00 rev.sec" piving linear 

velocities as high as l.Hx 10 cm.sec". The set up consists 
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of a small turbine which drives the main rotor inside a 
vacuun chamber by moans of a shaft oassing through oil glands 
(Figure 1). The rotating oarts consist of (i) an air-driven 
air-supported turbine, (ii) a vertical flexible shaft which 
connects the rotor with the turbine, and (iii) the rotor. The 
shaft passes through the vacuum tight oil glands (G^ 6- and 
G 3) as shown in figure 1 and is fastened by clutches to the 
rotor and the turbine. 

The turbine is made of brass or aluminum and is a 
cylinder, 2.5 an in diameter, 1.27 on thick (not including 
stems), having flat uoper and lower surfaces and with a number 
of flutings milled into its oerinhery. The flutings are 
cut with a 0.317 em miller in the following manner. The axis 
of the miller is set perpendicular to the axis of the turbine 
wheel, the distance between the axes being about 0.635 cm. 
Necessary adjustment is made so that the flutinrs are centred 
with respect to the two flat surfaces of the turbine. To 
cut a single fluting, the turbine is moved in a direction 
parallel to the axis of the miller. The depth of the cut is 
such as to bring successive flutings into tangency. The 
finished turbine and the rotor mounted on a shaft are as shown 
in figure 2. The number of flutings range from 2 to 35 for 
the rotors listed in Table I and their depth depends upon the 
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size of the rotor. For the larger rotors which run slower and 
require greater torques, the flutings are made deeper. In order 
to increase the toraue exerted on the rotor by the iraoinping 
air iets, different shapes and kinds of flutings may be tried 
under different conditions as proposed by Garman (1933). 

The oil glands consist of three brass pieces and 
have shape as shown in figure 1. A hole many times the dia
meter of the shaft is first bored alonr the axis of the glands 
to serve as an oil chamber. On the ends of this larger hole 
are fitted three cylindrical plugs with carefully aligned holes 
which are large enough for the shaft to slip through without 
forcing. These plugs are preferably made of bronze, brass, 
babbitt metal or oilite, depending to some extent uoon the 
material of the shaft. 

The shaft is a thin rod made out of locally available 
spring steel and high sneed steel in the first few initial 
experiments. Subsequently we used pianenwire due to its high 
tensile strength, 2.37 x 10 Kgsf 2 , and because of its flexi-

* 

bility which is particularly useful for high sneed rotation 
as the shaft can bend into a oroper shape allowing the rotor 
to seek its own axis of rotation in accordance with the general 
law of mechanics and thus SDin sroothly. Its size is determined 
by the size of rotor as pointed out by Kearton (see Kent, 1950). 
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For 19.1, 12.7 and 10.2 en diameter rotors, the shaft used 
had diameters of approximately 0.24 cm, 0.22 cm and 0.20 cm 
respectively, but it appears that the size of the shaft is 
not critical and sizes other than those calculated on the 
basis of kearton approximation can be used. It is important 
to keep the unguided sections of the shaft as short as is 
conveniently tiossible in order to Trevent occurrence of 
standing waves. 

In principle the peripheral velocity that can be achieved 
h by the rotor without breaking is proportional to (s/A) , 

where s is the breaking strength and I the density of the 
material while the factor of proportionality involves 
only the shape of the rotor and not its size. As such for 
large peripheral velocities, the design of the rotor requires 
a material having a large value of s/1 and a proper profile 
and shape while its size would depend on its use. Titanium has 
teen fin . attractive material for rotors but recently a 
carbon fibre composite has been used (Moon et al 1975 ) In 
the present work rotors of different materials such as 
brass, mild iron, forged steel, stainless steel and titanium 
alloy have been tried. These rotors had a mushroom shape 
(Figure 3) similar to that used by Metzger'(1956) for 
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studying resonant scattering of ganma rays fran heavy nuclei. 
Ojp results on the limiting sneeds of rotors are discussed in 
section «•. 

Fortunately in the design under discussion the rotor 
does not have to be dynamically balanced with extreme oare, 
because the automatic adjustment of the supporting air cushion 
allows the rotor to seek its own spin axis within certain 
limits. IVen unbalanced rotors are found to spin quite 
smoothly on the air cushion. Such a freedom to a rotor in 
seeking its own axis of rotation adds greatly to. the utility 
of the method as it makes the mounting of the rctor feasible 
even without balancing it accurately around a previously 
* - -

determined axis of rotation. The limitation in accurate 
dynamical balancing is set by uractical considerations such 
as inhomogeneous density of the material, unsvmnetrical shap
ing, irregular machining of the rotor etc. which make it 
difficult to fulfill the condition cf maximum dynamical sta
bility viz. the moment of inertia abcut the axis of rotation 
to be as large as possible in comparison with that-about an 
axis perpendicular to it. If it becomes necessary to increase 
the thickness of the rotor to a value comparable to its 
diameter, it is advisable to put the flexible shaft in a 
bearing at the bottom (see Fig.l) as * s done in the present 
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work. The bearing is a teflon washer which is clawed in 
an aluminium block free to slide over a limited range in a 
turned seat, filled with oil, in the tottom of the vacuum 
chamber. The bearing is lubricated by draining into it the 
oil leaking through the gland 6,. If the eland is rroperly 
constructed the oil leak through the bottom bearing amounts 
to about 3 to »* cc per hour. 

The vacuum vessel containing the rotor is made of 
the brass with a wall thickness of 1.0 cm. It is surrounded 
by a barricade of lead, 5 on thick and 30 cm in height, so 
as to contain flying pieces of the disintegrated roter in ease 
of an accident. The lower plate and the flange on which the 
upper plate rests are provided with rubber 0-ring seats to 
maintain vacuum in the chamber, which is evacuated by an oil 
diffusion pump backed by a rotary pump. The pressure in the 
chamber should be maintained well below a few microns in order 
to maximize the rotor speed by reducing air drag. The assem
bled .centrifuge is as shown in the photograph given as fig. 3. 

The centrifuge is operated with its shaft in vertical 
position. Pefore starting, a copious supply of lubrication 
oil is forced from the oil siphon into the glands G l t G« 
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and G3, **\ich not only acts as a lubricant but also as sealant 

for evacuating the chaster and reduces taiperaUnes of the 

o i l seats. The air for driving the turbine and for l i f t i i * 

the rotor is supplied by a 7.5 horse-power omntsgur since 

i t is necessary to accelerate the rotor quickly past the 

critical vibrations produced as a result of irregularities 

in the air flow together with the limitations of wortaaanship 

in fabrication of turbine and asynmetries of the rotor. For 

this purpose initially the air pressure i s set at a higher 

value than i s necessary to run the turbine at a required 

constant speed. As the desired speed is approached the air 

pressure i s reduced and adjusted until i t keeps the rotor 

running at uniform speed. A needle volve is sufficient to 

regulate the airflow for maintaining the speed uniform to 

less than 1%. Typically for the brans rotor (10.1G an dia) 

an initial pressure of 1.5xl05 k* m~.? vxas t*<tf which vas later 

**«uc*l to SxlQ1* kg P."2 to sustain =* sveeC cf 1200 rev.sec"1 for 

a nuriber of hours. 

The rotor speed i s ncnitored using an optical system 

and a photomultiplier tube. A sharp and well-focussed bean of 

lipht from an optical source i s made to fall upon a plane 

mirror attached to the top of the revolving shaft. The 
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reflected bean is viewed by an PCA 63U2A photcmultiplier, 
connected to an 'IE 5202 non-overloading amplifier through an 
NE 5202A preamplifier, ^he octout signal is suitably biased 
so as to eliminate suurious pulses from multiple reflections 
within the optical system. It is then fed to a s-aaler or an 
oscilloscope for continuous monitoring of -the rotor speed. 
The mirror on the revolving shaft reflects light into the 
phototube once in each rotation thereby allowing precise 
monitoring of the rotor speed. 

Using the above optical system th signals from two 
suitably located photo-multipliers may be used for gating 
the counting equipment in a resonant scattarine experiment 
so that it responds to only those events which correspond 
to a specified range of the rotor's azimuthal position. 

.All the rotors, arart from the vibrations at critical 
frequencies, rotated smoothly for sufficiently iong time if 
they could be jurt supported by sufficient air pressure. 
Stopping, therefore, reouired careful and slow manipulation 
of the air-flow extending over a period of 20-30 minutes so 
that the rotor gradually slowed down by the friction of the 
bottom tip of the shaft. Any attempt to reduce this time by 
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chopping the air flow would result in twisting and snapping 
of the shaft and may even damage the bearing or even the 
rotor. 

"k. Performance and Discussion 

In the initial stages of the work, a 1.27 an diameter 
tjrbine with 21 flutings was used to spin a 10.16 cm diameter 
brass rotor for gaining experience in proper workmanship. 
The maximum speed obtained in air was 167 rev. sec . A new 
turbine of 2.54 cm diameter again with 21 flutings, was 
then used which gave a speed of 250 rev.sec" in air with 
the same brass rotor. The rotor was then enclosed in the 
vacuum chamber and a speed of 415 rev.sec" was obtained in 

4 -2 the first run with an air pressure cf 7.0x10 Kg m . The 
5 -2 air pressure was then raised to 1.5>10 Kg m when the speed 

gradually increased upto 1170 rev.sec" at which point the shaft 
made from locally available spring steel snapped and had to be 
replaced by another one made from hiph speed steel. Even 
this shaft gave way around 1200 rev.cec" and in doing so the 
wings of the rotor were bent and damaged. 
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A second brass rotor of identical shape and size was 
then constructed to repeat the experiment and study the process 
of disintegration and metal fatigue mare closely. This" 
rotor was run at speeds of 8«f0, 1250, 1400 ,1600 *nd 2160 rw.sec 
and X-ray radiographs were taken after each run to look for 
any flav or defect in the material that might occur. Only 
the radiograph taken after the 21f0 rev.sec"1 run revealed 
signs of buckling in the body of the rotor. Repeated runs 
at this speed only magnified these defects and inevitably 
resulted in the smashing of the rotor after sometime. 

A third 12.7 cm diameter rotor was made from mild 
steel of tensile strength 5.2 x 10 7 Kg m" 2. Upto a speed 
of 1670 rev.sec"1 the rotor did not show any flaw or 
defect. The speed was gradually ra: sed to 2250 rev. sec" 1 

when the rotor suddenly smashed (refer to figure 2). A 
fourth rotor, 13.2 cm in diameter made frcn forged steel 
of tensile strength 6.0 x 10 7 Kg m" 2 was tried. *'ith this 
rotor it was estimated that a speed o-' 2500 rev.sec"1 could 
be attained safely. However, this rotor had to be discarded 
as its axis buckled after prolonged orxsration at speeds 
around 2200 rev.sec"1 only. The buckling resulted in 
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unbalancing the rotor and creating considerable vibrations. 
A fifth rotor, 10.26 en in diameter was made out of stainless 
steel v*iich could go upto 3000 rev.sec" . We, however, 
discontinued its use for it was of rather small diameter 
and another rotor 19.OS cm diameter fabricated from the 
titanium alloy CA1-3W0.2V), became available. The titanium 
rotor has been smoothly spun at 2000 rev. sec" for over 
500 hours without any defects being noticeable from gamma 
radiography (Fig.U) or ultrasonic tests. The rotor was also 
taken a few times to higher speeds around ?'*00 rev/sec. for 
short periods of the order of an hour each time. Table I 
summarises the pertinent data and performance of rotors of 
different sizes and made from different materials. The ulti
mate tensile and yields strengths, Brinell hardness and 
density have been determined experimentally for brass, mild 
steel and stainless steel. From hardness and density of the 
forged steel, ultimate tensile strength has been calculated 
and yield strength estimated. Data for titanium alloy with 
composition as C*Al-3Mo-IV) has been taken from Parker (1967). 
These values do not strictly hold fcr our material since its 
composition (Al-Mo-2V) is somewhat different. Nevertheless 
the above values woul d be reasonable guide in using our rotor. 
Meanwhile an attempt is being made for experimental determina
tion of these parameters for the alloy used. From the values 
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Performance summary of different Rotors 

Table - I 

I 
Rotor i 
Material i 

i 
5 

Brass 

lUltimatel Yield iDensityl s IBrinell iRe-olu- IMaximum 
Diameter ITensile I strength i e . lhardncssltion Icentri-

Isecond. I (Kg.m ) 
2160* 3.4x10 

Mild Steel 12.7 
Forged 
Steel 

Stainless 
Steel 

Titanium 
Alloy 

13.2 

I S J I I I 

iMaximjn 
Itip 
ivelocity 
Jem SGCT 
i 

10.16 3.75xl07 3.2xl07 

3.75xl07 3.Cxl07 

6.3x10' 5.7x10 

8.13 

7.16 

0.44 102 

0.52 lUt 

10.16 7.13xl07 5.5xl07 

7.82 C.806 187 

8.177 0.372 183 

19.05 1.4xl08 1.21X108 4.5 3.11 

22." 0* 3.6xl07 

2200 2.9x10; 

30rJ0 4.5x10 

2400 6.1x10 

* Revolutions at which the rotor burst. 
@ Calculated from Brinell hardness. 
# Est imated . 

P,90x10 

8.96X101, 

9,13x10'' 

9,59xlOM 

1.44xl0 5 
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listed in Table I for different materials the maximun value 

of the ratio o* ultimate strength to density is found for 

titaniun making it the most attractive material for rotors 

intended for high Deripheral velocities. 

The maxinun stresses are expected at some distance inside 

the periphery of the disc while we have calculated the centrifugal 

forces at the periphery which would indeed be lower than the 

maximum developed inside the disc. The rotor would disintegrate 

When the centrifugal forces approach the ultimate tensile stress. 

However, much before reaching -this value the rotor would deform 

when the stresses become comparable to the yield strength. 

From the values of centrifugal forces listed in Table I 

it can be seen that the disintegration of the brass and mild 

steel rotors occured as per expectation. However the forced 

steel rotor buckled even thou<th the centrifugal force had not 

approached the yield strength. This could be on account of 

uncertainties in the yield strength calculated from the B?innell 

hardness, which is rather a crude method. 

We have attempted to carry out stress analysis of the 

titanium rotor usinp the formula of Stodola (192?) as modified 

by Weaver (1917) and Hearley (1918) using some simplifying 

assignations. Since the shape of our rotor differs from a 
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disc, some further assurotions were necessary. Calculations under 
four different assumptions have been carried out as shown in 
Annexure I. With the reasonable assumption that our rotor 
consists of a tappered disc of hyperbolic profile with four wings 
of triangular cross-section at right angles to each other on its 
periphery, the values of tangential and radial stresses calculated 
for the titanium rotor at 2000 rev. /sec are given in Table II in 
Annexure I. It is obvious that these stresses are less by an 
order of magnitude, than both the values of ultimate tensile and 
yield strengths. It should be possible to take this rotor to speeds 
in excess of 2500 rev.sec with the existing turbine and available 
air pressure. For higher speeds both a new design of the turbine 
and an increased flow of air from a bigger compressor would be 
necessary. 

U. Projected Work 

The centrifuge technique, enables the measurement of short 
nuclear lifetimes of the order of 10" 1 1 to 10" 1 3 sec in mediun 
and heavy mass nuclei. The main idvantage of this method is 
the high Msignal-t0-noise" ratio that can be achieved. In this 
method the resonance condition is restored by canoensating for 
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E 2 

the recoil energy losses (R = —j-p^) suffered by a gamma ray 

during the emission and absorption processes. The relative shift 

2 R is usually much larger then the natural line width T and the 

thermal doppler width 2A of the level w which makes the resonant 

scattering cross-section negligibly small. The resonant condition 

can be restored, as was first demonstrated by Moon (1951, 1953) 

by moving the source towards the scatterer with a velocity 
E 4 -1 Um = —*!— ^ ^ cm. sec resulting in a Dopipler shift of the 
c 

emission line towards the absorption line. To our knowledge the 
rotors used so far for resonant scattering experiments have been 

able to provide maximum tip velocities as high as 1.15 x 10 cm/sec 

(Metzger 1967). In the present set ut> the titanium rotor of dia 

19.05 cm has been satisfactorily operated for more than 100 hours 

at 2000 rev.sec and has also been taken to a sueed of 2390 rev.sec 
5 -1 which corresponds to the rotor tip velocity of 1.45 x 10 cm.sec . 

Since the resonant scattering increases with thr velocity of 

approach U of the source towards the scatterer in prooortion to 
(U - U )2 p 

exp { j — } a velocity IJ = U_ = ~jr- is desirable for 

maximising the effect, particularly in the case of narrow levels 

for which resonantly scattered intensity is rather small. The 

variation of U with E for three different values of M viz. 100, 
Jit 

150, 200 a.m.u. is as shown in Table III in Annexure II and also 

in Fig,5 for estimating intermediate values. Thus the present 
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system allows one to extend by about 25% the energy range of levels 
which are barely accessible to observation or resonant scattering by the 
rotor technique. For the sake of eomDleteness, a brief descrip
tion of the theory, experimental arrangement and method of analysis 
is ^iven as Annexure II to this paper. 
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Annexure - I 

Stodola (1927) has dealt in detail with the problem 

of determining radial and tangential stresses at different 

radii of a disc type rotor and has given seme complicated 

expressions for the same. A much simpler approach is that 

followed by Weaver (1917) "and has been applied to the present 

case. The rotor may be considered to be a disc of uniform 

thickness upto a certain radius beyond which it has hyper

bolic profile given by t = cr*, where t is the thickness at 

radius r, c is a constant and a represents the ratio 

log 1 0(t 2/t 1)/log 1 0(r ?/r 1). A rotor of this type experiences 

three types of stresses i.e. axial, tangential and radial. 

The axial stress is negligibly small if there is no sudden 

change in axial thickness. This condition is satisfied by 

our rotor. For calculations of tangential and radial stresses 

in t"ie body of the rotor it is necessary to know the radial 

stresses at two different radii. The radial stress at the 

bore has been considered to be zero because the shrink fit 

of the disc is supposed to bo almost neutralised at normal 

speeds by the centrifugal expansion of the bore. The outer 
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radial stress of the bladns is obtained by centrifugal force 

(C.F) at the perinhcrv of the rotor. 

C.F. - kNVd 
N = speed of rotation (rem) 
d. = distance of the centre of gravity of blades 

(in inches) from the axis of rotation. 
w = total weight of blades (in pounds), and 

-5 k = 1.42 x 10 is a conversion factor. 

The centrifugal force per inch of circumference, at diameter 

d^ i.e. at the edge of the disc is C.F./II d2» 

The stresses on the rotor can be computed by dividing 

the rotor into different rings. At the dividing line between 

any two successive rings the radial and tangential stresses 

should MCLch i.e. stresses at outer edge of the smaller ring 

should be equal to the stresses at inner edge of the succeeding 

bigger ring. Under these assumptions Weaver (1917) obtained 

the tangential stresses at intermediate radii from the known 

values of radial stresses at the bore and the blades. 

Application of the above approach to our case is limited 

by the fact that we neither have blades and shrouds nor does 

the shape change at the periphery of the disc. Outer radial 

stresses on which both the radial and tangential stresses 

depend were calculated for the 19,05 cm diameter rotor with four 

different assumptions as follows: 
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1. It was assumed that the rotor consisted of a tappered 

disc having ̂  wings attached to it at ninety degrees to each 

other. These wings were approximated as having a triangular 

horizontal cross-section. Their weights and the distances of 

their centres of gravity from the centre of the rotor were 

determined and used for the CF calculations. The calculated 

values of stresses at different radii are listed in 

Table II (a). 

2. The CF value calculated with a narrow circular ring 

at the periphery of the disc, i.e. the value obtained by : 

neglecting the wings, was used to determine the stresses 

both towards the axis and the periphery. The values of 

stresses are given in Table II (b). 

3. The CF was calculated at the periphery of a hypothe

tical disc rotor having the same weitrht and diameter and 

similar hyperbolic profile as the actual rotor and also 

having the same thickness in the centre, but smaller 

thickness beyond. The corresponding values are given in 

Table II (c). 
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*+. Only a section of the tin of the rotor with the outer 

and inner radii as 9.53 cm and 7,62 cm was considered. The 

stresses calculated are given in Table II (d) 

It may be seen from "these tables that the first 3 

assumptions give values agreeing within a factor of 2 with 

each other while the fourth assumption gives values differ

ing by an order of nagnitude. Stjch a large deviation is not 

surprising as the last assumption certainly is way out of 

reality. 



Table II 

Radial stress (R) and Tanp^antial stress (T) 
under various assumptions for 19.05 cm Rotor 
spinning at 2000 rev.sec?* 

(a) 

radius 
(cm) 

R(Kjg.m~2) 
T(Kg.nf2) 

0.237 0.754 

0 4.7xl06 

l.OfxlO7 5.7xl06 

0.913 3.62 

4.8xl06 6.52x10* 
5.5xl06 6.1xl06 

4.128 

6.9xin6 

6.3xl06 

9.525 

2.2xl07 

1.49xl07 

(b) 

Radius (cm) 0.237 0.754 
R(Kg.nf2) 0 3.94xl06 

T(Kg.nf2) 8.7xl064.8xl06 

0.913 3.62 
4.1xl065.5xl06 

4.7xl065.1xl06 

4.128 
5.8xl06 

5.3xl06 

7.62 
1.04xl07 

7.9xl06 

9.525 
7 1.9x10 

1.2xl07 

(c) 

Radius (cm) 
R(Kg.m"2) 
T(Kg.m"2) 

0.237 0.754 
0 1.92X106 

4.27xl062.35xl06 

0.913 
1.99xl06 

2.3X106 

4.128 
4.5xl06 

3.7xl06 

7.62 
1.3*<107 

8.4xl06 

9.525 
1.6xl07 

8.3xl06 

( dI 
Radius(on) 0.237 0.754 0.913 4.128 7.62 9.525 
R(Kg.m"2) 0 4.4xl05 4.4xl05 6.5xl05 l.lxlO6 2.0xl06 

T(Kg.m"3) 9.9xl055.4xl05 4.4xl05 6.3xl05 8.4x10* l.lxlO6 
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ANNEXUP.E-II 

Pesonant Scattering of Orm?. Rays 
Using a Rotor 

The mean lives for the low lying excited states of 
energies from a few keV to a few MeV in nuclei are generally 

-7 —12 found to lie between 10 and 10 seconds; the corresponding 
—8 —3 level widths range from 10 to.10 electron volts. A free 

stationary nucleus of Mass M and in an excited energy state \ 
F 2 

E recoils with an energy R = « while decaying by gamma 
2 He 

emission to the ground state, c being the velocity of light. 
The emitted gamma ray then has an energy E - R instead of EfFip.Sa). 
Similarly the level E in the stationary absorber nucleus 
free to recoil can only be excited if the incident photon 
has an enerv E • R. Thus the incident spectrum of gamma rays, 
emitted by free nuclei at rest, is centred at energy Efi= E-R, 
whereas the absorption curve under similar conditions is centred at energy F. s E+R. (Fig.5.a). The relative shift 2 : a F 2 R = - is, in general, large compared to the natural 

Mc 2 ' 
width r and makes the effective resonant cross-section 
negligibly small. Howeeer, since the emitting and absorbing 
nuclei are not at rest but subiect to thermal agitations, 
both the emission and absorption lines are broadened to many 
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times their natural width. Assuming a Maxuellian distri
bution for the thermal velocities, the emission and absorption 
lines become Gaussian in shape (Metzger 1959) and have an 
effective full vidth at -|- of height, 2 A = — / - ^ c " 
where T is the ambient temperature and k is Poltzmann's 

constant. The thermal Doppler width 2 A at ordinary 
temperatures is- conoarable to the recoil energy R (see Table 
I H ) . This increases the overlap of the emission and absorp-. 
tion lines to seme extent (Fig. 5.b> but at the same time the 
peak resonance cross-section is reduced by a factor of the 

r 
order of -g . The assumption that the source and absorber 
nuclei can recoil freely is true only when we are dealing 
with gasous and liquid states. For atoms is in a solid "the 
effect of crystal binding must also be taken into account 
(Mossbauer 1958). However if the crystal binding is weak 
(R• > > k H, where H is the Debye temperature) the nuclei in 
a solid behave in almost the same way as those in a gas 
(Lamb, 1939). 

The first successful demonstration of nuclear gamma 
ray resonance was made by Moon (1951). He observed the 

198 resonant scattering of 112 keV ganma rays from Au off 
198 Hg by moving the source towards t>« scatterer with velo-

cities of the order to 10 cm sec in order to compensate 
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for the recoil energy losses. Several other methods have 
since been developed which incrxaase the overlap of emission 
and absorption lines, thereby r«king the effective resonant 
scattering cross-section comparable to the competing compton 
and Sayleigh scattering cross-sections. These methods 
(Metzger 1959) rely on: 

(i) increasing the source and/or scatterer 
temperature, 

(ii) using the atomic recoil from a preceding 
beta, gamma or neutrino emission, and 

(iii) using the forward momentum of an excited 
nucleus iii a. nuclear reaction. 

For the purpose of this report we are interested in 
the Moon's method for which thi differential resonant 
scattering cross-section can be written as (Moon 1951; 
ftaon t Storruste 1953; Khan 1964) 

do •' - , fi v 1 0 - 3 f ( n) 2Ie+l 1 , A A r 

a i r - - 3-6 x 1 0 —mr • iron—jr r* * 
x exp.{ -3.0 x 10" 9 y - ( U-U m> 2) cm2/ster (1) 
Here, E and r have been expressed in electron volts, A 
is the conventional atomic weight, T is the ambient tempera
ture in °K, U is the velocity (an.sec" ) of the source 
towards the scatterer, U^ - -«• is the velocity of approach 
for maximum resonance, f(8 ) represents the angular distribu
tion factor normalised to 4 tr , I and I are the spins 
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of the ground and the excited. states respectively. 

In the above formula the finite spread in the source 
velocity depending on the geometrical arrangements of shield
ing may be taken care of by replacing the exponential factor 
with 

/o* da N B exp. { -3.0 x 10" 9 - 4 - (U cos a- U ) 2 } 
r - m 

/fr %* • < 2 ) 

* N o being the Intensity of scattered radiation in the direction 
of observations when the angle between the rotor tip velocity 
U and the line joining the rotcr tip and the scatterer is a. 

If the excited state has -rore than one mode of decay, V 
2 /i\ Pro 

in the above equation should be replaced by ^ — where 
Tro is the.partial level width of the excited state for gamma 

decay to the ground state. Tha differential cross-section 
for resonance flourescence is -faen obtained (Jackson 1955) 
on replacing r in the above equation by P? -• , where 
Ire is the partial level width :>f the excited state in 
question. The values of U for A = 100, 150 and 200 and 
for a range of values of f. between 100 keV and 1 MeV in steps 
of 200 keV are listed in Table I [I alongwith the corresponding 
values of 2 A and 2R. For intermediate values of energies 
for these three masses the optimjn values of velocities can 
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can be read from Fig.6. 

A cut out view of experimental set up using ultra-
centrifuge for resonance scattering studies is shown in 
Fig.7. The rotor shaped for providing maximum strength 
and minimum absorption of y-rays with source inserted in 
the housing in the tip is spun at different speeds. The 
variation of rotor tip velocity with its rotational speed 

. Jap the 19.05 and 10.2 cm diameter rotors is given in Fig.8. 
Only the scattered radiation due to .y -rays emitted 
tagentially to the rotor path is detected using the: elec
tronic gating circuitry described in Section 3. For eli-
miniting the contribution to count rate from non-resonant 
competing processes a cemparisen scatterer having nearly 
the same size, density and mass number is used. Using the 
equation (1) oorrscted for finite spread of rotor velocity 
through equation (2), the resoant count rates (obtained as 
a difference of count rates frv.n the resonant scatterer and 
the comparison scatterer) at different velocities, and for 
various values of To are calcuU ted relative to the Rayleigh 
scattering count rate from the non-resonant comparison 
scatterer. Since different sections of the scatterer are at 
different distance from the source and the detector, hence 
for the above calculation the electronic attenuation suffered 
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by inconinp and outgoing radiation need to be taken into 
account. This necessiates division of the scatterer into 
small sections for analysis. The calculated count rate 
versus velocity curves for various widths r are compared 
with the experimental results and the best fit specifies 
the width of the level. 
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Table - III 

Mass of theiTransitionlThennal width,! Recoil lOptinun velocity 
System, M lenergy, E 12 A at 300OK i shift, 2Rlof approach, U 
(a.m.u.) I (keV) I (eV) 1 (eV) llO5 cm/sec. m 

100 100 0.15 0.11 0.32 
200 0.30 0.43 0.64 
400 0.60 1.72 1.29 
600 0.89 3.87 1.93 
800 1.19 6.87 2.58 

1000 1.49 10.74 3.22 

150 100 0.12 0.07 0.21 
200 0.24 0.29 0.43 
400 0.49 1.15 0.86 
600 0.73 2.58 1.29 
800 0.97 4.58 1.72 

1000 1.21 7.16 2.15 

200 100 0.11 0.05 0.16 
200 0.21 0.21 0.32 
400 0.42 0.86 0.64 
600 0.63 1.93 0.97 
800 0.84 3.43 1.29 

1000 1.05 5.37 1.61 
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Captions 

Figure No. 

1. Gress-sectional drawing of the centrifuge assembly 
used for spinning large rotors in vacuum. The tur
bine is both driven and supported by the saite air 
jets G^, G 2, G- are oil glands* 

2. Photograph of the vacuum chamber, rotor and air-
driven turbine mounted on the flexible shaft. On 
left are solid metal tdeces of 10.16 and 12.7 cm 
smashed brass and iron rotors. 

3. Picture of complete centrifuge containing 19.05 cm 
titanium rotor. At right is a 10.16 cm stainless 
ste^l rotor. 

*•. Photograph of a y -radiograph of 19.05 cm dia tita
nium radiograph. 

5. Energy distribution for emission and absorption lines 
(not to scale) 
(a) for fi?se stationary nuclei 
(b) for nuclei free Tut subject to thermal agitation. 

6. Optimum rotor tip velocity as a function of transition 
energy and mass of th-> nuclei. 

7. Experimental set up usine ultracentrifuge for re
sonance scattering studies. 

8. Variation of rotor tip velocity with rotational 
speed. 
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Fig. 1. Crsss-sectional drawing of the centrifuge assembly used for 
spinning large rotors in vacuum. The turbine is both driven 
aao supported by the same air Jets. G^G^G. are oil glands. 



*10.16 „, „.7 2*2 .2^2 2Ti2: 2KL"*'1pi,c" 



Fig* 3* Picture of complete centrifuge containing 19*05 en titaniuu rotor* 
At right is a 10.16 cm stainless steel rotor* 



1 xc . k. l hutogxvtph of n » -radiofrr ;̂ h of 19»05 cm din titanium radiographs. 
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Fig. 5 
Energy distribution* for tmi*sior» and absorption 
liAftf (Dot to *eak«) • 

(a) For stationary mictot-
(b) For nodti frto but tablet to fcormai agitation 
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VELOCITY t 10' cm / »«c I 

VACATION OF ROTOR T?P VELOCITY WITH ROTATKDNAL SPEPa 
Fir. £. V.-ri tio;\ of rctor tip velocity with rot tion-sl speed. 


