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1. INTRODUCTION 

The suitability and convenience of semiconductor detectors for 

simultaneous energy measurements of two or more radiations having 

specific tim€! relationships has led to the increasingly important role 

of the coincidence m~thod in nuclear spectr:oscopic investigations. 

Moreover, '\o,i th the improved resolution now obtainable, it is nov, 

possible to extend coincidence applications to experiments designed to 

take advantage of the various time relationships existing between 

electron emission and other nuclear events. Examples of such coinci

dence relationships include ,those existing between internal conversion 

and 'subsequent X-ray emission, between beta decay and subsequent gamma

ray emission, between alpha decay and the internal conversion of 

subsequent nuclear transitions, between X-ray emission resulting from K 

.capture and the internal conversion of subsequent nuclear transitions, 

and between gamma-ray emission and the internal conversion of cascade 

transitions. The electron coincidence method also lends itself to many 

other applications such as to the study of internal conversion in coinci

dence with a nuclear reaction, and to the investigation for which the 

deVice to be described in this paper was originally designed--the study 

of internal conversion in coincidence with nuclear fission: 

In all of the above applications, as with any coincidence measure

ment' a major requirement is the achievement of large total detection 
. . 

.efficiencies· (intrinsic detector efficiency time,S detection geometry). 

Furthermore, it is important that the electrons to be measured are not 

required to penetrate any quantity of matter (Window) so great as to 

cause a detectable amount of dispersion or energy shift. This restric

tion requires that the source be located inside the same vacuum chamber 
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that houses the semiconductor electron detector and hence gives rise to 

the" further problem of shielding the electron detector from interfering 

radiations" (i.e., alpha particles, positrons, X-rays, gamma rays, fission 

fragn;ents) . 

We have employed the fringing field of a high gradient electro

magnet along with a lithium-drifted silicon detector in a device wh~ch 

overcomes all of the above-mentioned problems in the measurement of 

electron energies and which may readily be used in conjunction with 

separate detectors for measuring coincident radiation energies. In this 

device, electrons are s~eered away from the source region around a 90 
degree circular arc to the detector which is shielded from other radia

tions emitted at the source. 

II. THE MarION OF AN ELECTRON IN THE STEERING FIElD 

The magnetic field used in the steering device is one of rotational 

symmetry and radial d~pendence proportional to l/rn. .An electron moving 

in the fringing region ~f such a field, in general, experiences two 

types of drift motion--an "azimuthal drift around the circumference of the 

magnet due to the decreasing field strength as a function of distance 

from the magnet center and a vertical (Z direction) drift consist"ing of . 

a spiraling motion along the magnetic lines of force 1 Because the 

field lines in the fringing field region" become highly convergent as 

they approach the magnet pole tips, the vertical component of the 

electrons' motion forces it to gyrate in tighter and tighter helical 

spirals in order to keep its magnetic moment (the ratio of the component 

of kinetic energy perpendicular to the field lines to the field strength, 
2 

T1/H) a constant. If the field is sufficiently convergent, a point is 

reached where the parallel (vertical) component of the electrons' kinetic 

energy becomes_zero and the electron is reflected back in the opposite 

direction. This is the fundamental requirement for a magnetic mirror 

and it may be shown that the condition for reflection is given by2 

(1) 

". 
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" 

where e' is the ·maximum angle bet""een the initial electron trajecto,ry 
crit 

and the field line at the starting point v/hich will result in reflection, 
, , 

Ho is the field strength at the starting point and ~ is the field 

strength, at the reflection point. Hence, for electrons emitted from a 

source located on the magnet symmetry plane,.and having vertical kinetic 

energy components below'a critical value, the electron motion is a 

superposition of a trochOida1 motion and a vertical oscillation through 

the symmetry plane, 

The motion of a charged particle in such a field has been studied 

extensively by Malmfors. 3 Malmfors treated the problem by means of a 

perturbation method and obtained the following expression for the 

azimuthal angular displacement of a charged particle after one vertical 

oscillation through the symmetry plane: 

A = 21f ~.JE oj 1+E/2 (1 _ n
2 

-8n+4 • 
r eH 16 o 0 

~2 
""2+ 
r 

o 
... J (2) 

In this equation, r is the radial distance from the center of the magnet 
o 

to the starting point in the plane of symmetry, H is the field strength o 
at the starting point, ~ is the oscillation amplitude. (distance from " 

the symmetry plane to point of reflection), and E is the particle energy 
, 2 
in units of mc. The azimuthal angular displacement of a charged particle 

after one orbit in the plane of symmetry is given by 

po2 [ 
~ = 1fn 'r 2 1 + (3 2 r 2 Ij.'n +n-1 ;02 + ... J , (3) 

0 0 

where p 1s the radius of curvature in the plane of symmetry when the 
o ' 

oscillation amplitude is zero. Another equation of interest gives the 

drift time required for a particle to precess 1/4 of the distance around 

the magnet. It is. valid in the region of relativistic velocities and 

is expressed by 

2 2 1fr 1fe Hr E+l 
(1 + n(:-2) ? 2 + ••. J 0 o 0 (4) ,. = = --2 '. 

2vdrift 2mc n E(l+E/2 ) 
0 

An illustration of the region of acceptance into the steering device 

for a point source located on the symmetry plan~ is shown in Fig.' 1. All 

electrons emitted between the tvTO cones are transmitted around the magnet. 
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The transmission of the device may be calculated by integrating the 

surfa.'ce are 8. of. a. sphere· over the region. bounded by the tyro escape 

cones as follows: 
1t 1t 

2· : £: 
n - Sf . f sin e de dcp ::: 41t 

1t 0 
--4> 
2 

sin 4> 

The total surface area of a sphere is 41t, thus the transmission is given 

by 

T ::: s:Ln cl> 

Now, from Eq, (1) it follows that 

2 2 . 2 e H 
= 1 1 0 sin ¢ = .cos e s~n ::: -

C C ~ 

T =Vl 
H 

0 

- I~, 

Malmfors found that 

:; = (1 _ ::~2 + ... J 

and substituting the first two terms of this expansion into Eq, (6), 
the expression for the transmission becomes 

n 
T = 

~2 
~ max 

r 
o 

(6) 

(8) 

It is seen, then, that the transmission of the steering device is inde-

pendent of electron energy and is solely determined by the maximum 

oscillation ampii tude of the reflection through the sYmmetry plane-, 

• 

• 
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., III. EXPERnfENTAL ·DESIGN 

The magnetic field used in the steering device is produced by a 

100 K:VA·C,..magnet. A plot of the magnetic field strength as a function 

of radial distance from the center of the magnet is .. sho,m in Fig. 2 

along with a cross section sketch of the poleface designed to create a 

new-ly constant n fr:hnging field ,-lith high convergence at .the pole

tips. The radial position of the electron detector and source is also 

indicated (r = 6.5 in.) and the field strength at this radius was 
o 

6000 gauss. Since the field strengths at any t,{O radii in a region of 

constant n are related by the expression 

HI r 2 
n 

if= n 
2 r l 

the value of n m~y be determined from 

, (9) 

log H2 - log Hl 
= -n. log r 2 . - log r 1 

. (10) 

The value of n in the region of the detector-source radius was found to 

be 3.35. 
It is of interest, to know the values of several quantities as a 

function of electron energy: namely, the radius of curvature in the 

symmetry plane p ~ the displacement, d, of an electron after one orbit 
o· 

in the symmetry plane, the maximum displacement, A, of an electron after 

one complete vertical oscillation through the symmetry plane, and the 

time of flight 1/4 of the way around the magnet, T o. The radii of 

curvature were obtained from a table of magnetic r~idity for electrons4 

while the other quanti ties were calculated from Eqs. (2), (3) and (4). 
,. 

These quantities are tabulated in Table 1 as a function of electron 

energy. 

A film study of the radial distribution of 203Hg conversion 

electrons accepted into the steering device was conducted inside a 

vacuum chamber placed between the polefaces. A strip of X-ray film 

was mounted inside the vacuum chamber radially from the center of the 

magnet. The electron source, which consisted of 203Hg amalgamated on 
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,the end of a thin 'copper wire, was mounted 90
0 

aroQDd the magnet at a 

radial position of 16.5 cm. One of the exposed film strips shoving the 

distribution of electrons transmitted around from 'the source is pre

sented in Fig. 3 where it is seen that electrons accepted into the 

device are £:ocused into a narrO't! band having a width approximately 

equal to hrice the radius of curvature of the electrons in the magnetic 

field ,and length determined by the physical dimensions of the system-

in this case, the vaCUQ~ chamber width, 

The transmission of the magnetic steering device is easily calcu

lable from Eq. (8). For our experimental design, (i.e, H = 6000 gauss, 
o ' 

n = 3.35, r = 6.5 in., Z = I in.) the transmission is found from o , ~ max 
Eq.' (8) to be 36.5%. The silicon detector employed as the spectrometer, 

hOi-rever, has an active area vi th a diameter of only 0 . 53 in, and hence 

only about 25% of the electrons in the transmitted band actually hit 

the detector. Furthermore, an appreciable fraction of the electrons 

which hit the detector suffer backscattering and do not deposit their 

full energy. By using calibr~ted I09Cd , 203Hg , 207Bi and l37Cs sources, 

the total efficiency for electrons transmitted around from the source 

and detected in the silicon detector was found to be approximately 5% 

of the total electrons emitted by a source. The efficiency was also 

found to be nearly constant as a function of energy over the energy 

range of 0 to 600 keV. (Both the efficiency and its constancy as a 

function of energy may be seriously affected by the configuration of 

the source holder as will be discussed in Section IV.) 

• 

'. 

• 

... 
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IV. EXPERIlYlENT.t\IJ APPLICATION 

Experiments with standard conversion electron sources disclosed 

the fact that serious restrictions are placed on the configuration of 

the source holder as a result of the trajectories imposed upon the 

electrons by the magnetic steering device. Specifically, these restric

tions stem from the .following t'tlO properties of the electron trajectories 

in the steering field: 

(a) The electron drift displacement, d, in the azimuthal direc

tion (around the magnet) after one orbit, is so small the 

electrons tend to reenter the sour6e backing; 

(b) The small \mvelength of the oscilla.tion through the syrnmetry 

planej ;..., causes electrons having low energies or low takeoff 

angles to collide with the source holder. 

Both of these effects cause serious tailing and peak displacement 

in measured electron spectra. It was found, however, that these problems 

could be minimized by employing carefully designed source holders and 

backings. 

The source arrangement fou.'1d to 'fOrk best consisted of a circular 

wire loop 1/4 in. in diameter constructed from 1/64 in. diameter 

. stainless steel vlire. A straight 5/8 in. length of stainless steel 

wire of the same diameter is soldered perpendicular to the loop plane 

at a point along the periphery and used to connect the loop to a micro

meter probe attached to the vacuum chamber. The source backing is 

mounted over. the loop and the source deposited in the center. For our 
r, 

electron sources, the bacldngs consist of a 2 lJ.g/cm" film of zapon 

enveloped over both sides of the source loop with approximately 
2 . . 

10 lJ.g/cm of gold vaporized on each side over the zapon giving a total 
2 source backing thickness of about 24 I.lg/cm. The electron sources 

are usually prepared by evaporating to dryness small drops of the 

source solutions placed at the centers of the films. 

As an example of the quality of the measurements \,re are able to 

obtain with the magnetic steering device, a spectrum of the internal 

i 1 t . i· from tt. d of 203H:::· h . F' 4 convers on. e ec rons arJ.s ng ·'Lle ecayl :::, 1.S S ovm In 19. 

taken with a lithium-drifted siljcon detector (3 nlln depletion depth) 

in the steering device. The detector was operated at an optim1..1rl1 tem-
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perature of -93°C and 318 volts bias, and incorporated a field effect 

transiStor cooled to -135?C in the input stage of the preamplifier. 5 
. . 203 

The measured resolution was 3,0 keV for the K line of Hg as shown 

in Fig. 4 where the Land M lines and a shoulder due to the N line may 

also be seen. 'lne electron peaks display some tailing, but this is 

felt to be mostly due ~o the thickness of the source rather than inter

ference from the source holder and backing. 

A sketch of the basic layout used in our studies of internal 

conversion electrons in coincidence witb nuclear fission is presented 
6. 

in Fig, 5.· As indicated, electrons starting at the symmetry plane 

precess in trochoidaJ. orbits ar01.:md the mflgnet in a 900 
arc to the 

electron detector while being reflected from pole face to paleface along 

magnetic lines of force, (The trajectory of an electron leaving at the 

critical reflection angle e is depicted,) The fission fragment detec-
c 

tors were placed parallel to the symmetry plane and only those electrons 

which were emitted near 900 with respect to the fragment detector axis 

were allowed to reach the electron detector. A large lead shield was 

located in a position which blocked any interfering radiation. A very 

useful application was made of the fact that the transmission of the 

steering device can be controlled by varying the maximum oscillation 

amplitude (~ ma)'. This property was employed, as illustrated in Fi.g, 6 

by moving the fission source off the symmetry plane and restricting the 

region of acceptance into the st~ering device by means of two deflectors, 

These two.deflectors limited the maximum oscillation amplitude of the elec

trons and since the acceptance angle of the device is proportional to 

the maximu.m osc illation amplitude as depicted for electrons emitted at 

point 1 and point 2 in Fig, 6, this restriction requi,red that the fission 

fragments from which the electrons were emitted be near the syrnmetry 

plane at the time of emission, The transmission 

the deflector~ may be calculated from Eg, (6) by 

magnetic field intensity at the source position, 

found that 

(1 2) n2 ZR. 

H H H 
2 2 

r s ~X s . 0 
= H = 

Z 2 \ .~ ~ 0 (1 - 2 
n s I 

2" ;02) 

at any point betHeen 

replacing H .Hith the 
0 

From Eq, (7) , it is 

, (11) 

.. 

• 

• 

• 
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where Zs ·is the distance from the symmetry plane to the point of 

emission. It follows, after substitution of this expression into Eq. -(6), 

that the transmission at any.point between the. deflectors is given by 

T(z) 

2 Z 2 
~ max s 

2 2 2 Z 2 r - n 
(12) n 

a s 

The deflectors were spaced 2 cm apart in the experiments and hence 

. ~ .ma.x was 1 cm .. 

The calculated detection efficiency as a f,u-YJ.ction of the distance 

of the fragment from the symmetry plane at the time of electron emission 

(Z ) is plotted in Fig. 7. It is seen that by positioning the deflectors 
s 

2 cm apart, a time resolution of approximately 1.7 nsec was achieved 

since the average fission fragment velocity is ab'out 1 cmjnsec. In 

this way it was possible to measure half-lives of transitions in the 

nanosecond range, 

V.CONCLUSION 

. The magnetic steering device described in this paper should prove 

quite useful in many aspects of semiconductor electron spectroscopy. 

Although the device is particularly attractive for the coincidence 

applications suggested here because of the high detection efficiency 

it offers, it could be used to equal advantage in any experiment where 

it is required to obtain electron spectra in the pres,ence of other 

interfering radiations. It is well suited, for example, to application 

in an internal conversion coefficient spectrometer where it is desired 

to measure simultaneously the conversion electron and gamma-ray spectra 

of a nuclide. CZ' Without a means of shielding the electron detector, the 

low-energy portion of the electron spectrum is usually obscured by 

X-rays and Compton electrons created by the gamma rays impinging upon 

the electron detector. The half-life application of the device mi.ght also 

be useful in the study of nuclear reaction products and alpha recoil 

nuclides. 
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FIGURE CAPTIONS 

Fig. 1. JL~ illustration of the region of acceptance into the magnetic 

• steering device for electrons emitted from a point source 

located on the symmetry plane. All electrons emitted bet'\-reen 

the two cones are transmitted around the magnet to the electron 

detector . 

. Fig. 2. Magnetic field profile and sketch of poleface cross section, 

Fig. 3. A film strip which was exposed at the detector position to 

electrons transmitted around the magnet from the source posi

tion in the steering device. 

Fig. 4. Spectrum· of the internal conversion electrons associated 

with the 279.1 keV gaw~a-ray transition in 203Tl taken with a 

lithium-drifted silicon detector in the magnetic steering device. 

Fig. 5. A diagram depicting the magnetic steering mechanism for. an 

electron emitted at the critical reflection angle e 't' The crl 
,electron starts at the symmetry plane and precesses in tro-

choidal orbits around the magnet in a 900 arc to the detecto~ 
while being reflected from poleface to pole face along magnet'ic 

lines of force. 

Fig. 6. A diagram of the fragment detector-source-deflector assembly; 

With the source positioned as shown) only those electrons 

which were emitted while the fragment was between the two 

deflectors could be detected. The limitation imposed upon the 

electron trajectories by the deflectors caused the critic~l 

angle of acceptance for electrons to vary from 00 at the 

deflector position to a maximum of 80 at the symmetry plane 

(position 1). 

Fig. 7. The calculated detection efficiency for electrons emitted 

from fission fragments as a function of the distance of the 

fragment from the symmetry plane at the time of emission. 
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Table 1. Calculated quantities pertaining to the motion of 
electrons in the magnetic steering device. (6000 gauss) n = 

•• 
3.35, r = 6.5 in.) 

° 

Energy (ke'!) p (cm) 
° 

d (cm) A. (cm) l' . (nsec) 
(90°) . 

10.0 .056 .002 .250 772.8 

50.0 .129 .011 .569 160.2 

100.0 .186 .022 .824 83.4 

150.0 .233 . .035 1.031 57.6 
200.0 .275 .048 1.216 44.5 

250.0 .313 .063 1.387 36.6 

300.0 .350 .078 1.549 31.3 
350.0 .385 .095 1.704 27.4 
400.0 . .419 . 112 1.855 . 24.5 
450.0 .452 .131 2.002 22.2 . 

500.0 .485 .150 2.145 20.3 

550.0 .517 . .170 2.287 18.8 

600.0 .5~·8 . .192 2.426 17.5 
650.0 .580 .214 2. 561~ 16.4 
700.0 .610 .238 2.700 15.4 
750.0 .61+1 .262 2.835 11~. 5 
800.0 .671 .287 2.969 13.8 
850.0 . .701 . .314 3.102 13.1 
900.0 .731 .341 3.234 12.5 
950.0 .761· .369 3.366 11.9 

1000.0 . .791 .399 3;497 11.4 ,. 

• 
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