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ABSTRACT

The low energy secondary electron flux generated within a medium

under X-irradiation was determined by measuring the derivatives of the

current voltage curve of two closely spaced parallel plates irradiated

in vacuum. Previously the derivatives had been evaluated directly from

the current-voltage curve in work reported by Nelson, Birkhoff, Ritchie

and Hubbell. Now considerably increased accuracy, sensitivity, and

electron energy range are obtained by an AC method. Two signals of

equal amplitude and frequencies 300 and 32J+ c.p.s. modulate the parallel

plate EC bias. The beat frequency amplitude appearing in the secondary

electron current is directly proportional to the second derivative of

the current-voltage curve. First derivatives were obtained by inte

grating the second derivatives. The energy spectrum of the electron

flux can be immediately calculated from the first and second derivatives.

The electron flux spectrum has been measured out to 50 electron-

volts in copper and aluminum, and 18 electron-volts in graphite and

tissue equivalent conducting plastic. The spectra follow the inverse

square dependence with energy for the energy range investigated previously

by Nelson, et. al. Beyond these energies, the spectra fall off more

rapidly than the inverse square of the energy. The total saturation

current yield of secondary electrons was measured for heavily filtered

X-rays with effective energies ranging from 35 KeV to 200 KeV. The

yields were highly energy dependent when measured in terms of

-2-1
esu cm rad absorbed in air. However, the yields were relatively

energy independent from k^> KeV when expressed in terms of esu cm"2rad_1

viii



-k , -k
absorbed in the plate media. The yields were 3-1 X 10 , 4.9 X 10 ,

-k , -k -2 -1
3.9 X 10 , 4.2 x 10 esu cm rad absorbed in copper, aluminum,

graphite, and tissue equivalent conducting plastic, respectively.

ix



I. INTRODUCTION

The interaction of ionizing radiation with matter is of fundamental

importance in the study of radiation damage. Incident X-rays produce

high energy Compton electrons and photoelectrons in a material. These

primaries are degraded in energy by production of secondary electrons

with the result that a relatively large number of low energy secondary

and tertiary electrons are formed in the medium. Platzman has emphasized

the important role which these low energy electrons may play in radiation

physics and radiobiology.

The energy distribution of the secondary electron flux generated by

X-irradiation of copper, aluminum, and graphite was determined by Nelson,

2
Birkhoff, Ritchie, and Hubbell . The spectra were obtained by measuring

the current produced in a parallel-plate spectrometer under X-ray bom

bardment in a vacuum. The first and second derivatives of the current

versus spectrometer voltage curves were obtained by point-to-point

analysis. The electron spectrum within the plate material could be

calculated from these derivatives. This method, however, was limited

in sensitivity and accuracy. The maximum secondary electron currents

under consideration were of the order of 10 amperes. Determination

-Ik
of increments of current as small as 10 amperes was not possible

with precision. Also, slight fluctuations in the X-ray beam intensity

introduced considerable error in the measurements of the derivatives

of the current-voltage curve.

Platzman, R. L., Rad. Res., 2, 1 (1955)•
2

Nelson, D. R., Birkhoff, R. D., Ritchie, R. H., Hubbell, H. H., Jr.,
"Measurement of Electron Flux in Media Bombarded by X-rays,"
ORNL-2521, Oak Ridge National Laboratory, Oak Ridge, Tennessee
(1958). Unpublished.

1



In the present work, a DC bias with small AC components superimposed

was applied to the spectrometer. The AC components of the secondary

electron current were shown to be directly proportional to the derivatives

of the DC current-voltage curve characteristic of the plate material.

The accuracy and reproducibility of the energy spectra determinations

were greatly improved. In addition, the sensitivity was increased so

that current increments two orders of magnitude smaller than those

detected previously could be observed. Thus, the electron energy spectra

were measured out as far as 50 volts in some cases, whereas the previous

measurements were reliable to only about 20 volts.

The energy dependence of the secondary electron yield, given

preliminary consideration by Nelson, was further examined. The total

yield of secondary electrons using heavily filtered, approximately

monochromatic X-rays was of fundamental interest. Taylor had studied

this characteristic previously to determine whether the formation of

secondary electrons might be used to measure high intensity radiation.

The yields as a function of incident air dose are highly dependent on

X-ray energy for high Z materials but are energy independent for tissue

equivalent materials„ It was determined in the present work that the

yields as a function of the dose absorbed in the media were relatively

energy independent and of the same magnitude for all materials.

3Taylor, L. S., Brit. J. of Rad., 2k, No. 278, 67 (1951)



There has been much theoretical interest in the calculation of

k 5
slowing down spectra ' . It is hoped that a theoretical analysis of

the low energy region will be forthcoming; however, none exists at

the present.

Spencer, L. V., and Fano, U., Phys. Rev., 93, 1172 (195*0

5 McGinnies, R. T., NBS 597 (1959)-



II. THEORY

A. Generation of Secondary Electrons in Media

Incident X-ray photons produce Compton and photoelectrons within a

bombarded medium. The generation and flux of low energy electrons pro

duced by Compton and photoelectrons has been studied theoretically by

Spencer and Fano . Because of the lack of suitable electron-electron

cross sections below 30 KeV there is as yet no theory for the flux

7
spectrum. Goldberger has calculated the cross section for isotropic

center of mass scattering on a degenerate Fermi gas. He found that

the cross section is reduced by a multiplicative factor,

due to the exclusion principle, where E is the energy of the incident

5 E

particle and E„ is the Fermi energy. This result is valid for E > 2E .
a — F

o

For E_ < E < 2E_, Clemtentell and Villi have found that the correction
a — Jt

factor is:

1_l!l + 2^F ( _E_)5/2
5 E 5 E V E_;

This was corroborated by Ritchie, Nelson, and Birkhoff^. The former

correction was used by Wolff in a study of the electron slowing down

spectrum. It is hoped that these correction factors along with further

theoretical efforts will result in a theory of electron-electron. slowing

down at low energies.

/ —

Spencer, L. V., and Fano, U., op. cit.
7

Goldberger, M. L., Phys. Rev., •Jk, No. 10, 1269 (1948).

Clemtentell, E., and Villi, C, Nuovo Cimento, 2, 1, 176 (1955).

Ritchie, R. H., Nelson, D. R., and Birkhoff, R. D., "Low Energy
Collision with a Fermi-Dirac Gas," 0RNL-2590, p. 110. Oak Ridge
National Laboratory, Oak Ridge, Tennessee (1958). Unpublished.

Wolff, P. A., Phys. Rev., 95, No. 1, 56 (195*0 .



B. Parallel-Plate Spectrometer

The parallel-plate spectrometer described by Nelson was used

in this research for the measurement of secondary electron spectra.

The parallel-plate geometry is ideal for such a measurement; that is,

the spectrometer constitutes an effectively infinite medium, and is

bombarded isotropically. The energy distribution can be obtained

simply from the first and second derivatives of the current-voltage

curve characteristic of the spectrometer plate medium under irradiation.

The assumptions made are, first, that edge effects are negligible

because the gap between the collecting plates is small when compared

to the plate diameter; and second, that equal numbers of secondary

electrons having identical energy and angular distributions are emitted

from both upper and lower plates of the spectrometer.

Consider first the parallel plate collecting electrodes when

the lower electrode is positive with respect to the upper electrode,

as shown in Figure (l). All electrons emitted from the upper negative

plate will reach the positive plate. However, a fraction, f, of

those emitted from the lower plate which have an energy (V') exceeding

the bias potential V will fail to traverse the cavity. This fraction

of emitted electrons possessing energy V > V are those which have

2
V' cos 9 < V- Of course, all electrons with V' < V will fail to

traverse the gap from the positive to the negative electrode. Those

electrons from the lower plate which fail to reach the upper plate

will return to the lower plate and thus constitute no current in

Nelson, D. R., et. al., op. cit.
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the external circuit. However, their counterparts from the upper

plate will cross the gap, and being uncompensated by electrons crossing

from the lower plate will produce an external current, I. I can be

expressed as:

I = eAR /n(V') dV' + /f(V,V) N(V') cLV
0 V

(1)

where e = k.&O x .10"" esu (electronic charge)

/ 2N
A = plate area irradiated (cm )

R = dose rate (roentgens/sec).)

N(V') = electron flux from either plate with an energy between V'

and V' + dV', in (cm r V )

The first integral represents electrons of energy V' < V which are

unable to cross the potential gap from the positive to the negative

plate. The second integral represents the fraction, f(V,V')> of the

electrons with V' > V, whose energy associated with the perpendicular

component of velocity is less than the energy required to cross the

gap.

To determine the energy spectrum of the flux, three possible

angular emission distributions of electrons escaping from the plates

might be considered: isotropic, cosine.' : and normal. For isotropic

emission: /„
it/ d

f = a / 2jt sin 6d9 = 2* afv/v' = ^V/V (2)

cos
-1"v/v7v~

where a = l/2jt, the normalization constant for an angular distribution

normalized to unity in the 2« solid angle outside the plate.



8

If the angular emission distribution were cosine

Jt/2

f = a 2n cos esin Ode = it a(v/v) =^r (3)

-1]cos v/y/V'

where a * l/it, the normalization constant to normalize the distribution

to unity.

Finally, for emission normal to the surface, f(V,V) = 0. That is,

all electrons with V > V' would cross the gap, and hence exactly

balance their counterparts from the upper electrode and no net current

will result from this portion of the energy spectrum.

This information can be generalized by expressing f(v,V) as:

f(v,v) = (v/v)n , V > V (4)

with n = l/2, 1, 00 for isotropic, cosine, and normal angular

distributions respectively.

The equation for I, the net current becomes:
V 00

I = eAR Jn(V') <SV* +J (y/V)nN(V») dV
o v

(5)

Differentiating with respect to V gives:

§r = eAR Tn(V) +nV*"1 J (V) "n N(V)dV -̂ ill (6)

and,

d2i
= eAR

dV

n(n-l) ^JiV)-* N(V') dV -nV*"1 ^ (7)



The solution for N(v) is then

»<T> - as-
/n-lx dl

^ n ' dV

For normal emission, n = °°, and

N(V) = -i_ &
Kyj eAR W

For isotropic emission, n = l/2, and

V d2I
ndv2

N(V) =
eAR

. « - 2V £±
dV dV2

For cosine angular emission, n = 1, and

N(V) =
eAR dv2

(8)

(9)

(10)

(11)

However, the difficulty in determining the angular emission

distribution from the plate surface was recognized. Since the primary

intent of the experiment was to determine the electron energy spectrum

within the medium, a slight alteration of the theoretical problem was

undertaken. If it is assumed that the secondary electron flux is

isotropic inside the individual plates of the spectrometer, a classical

potential-barrier analysis may be undertaken. For a conducting

medium the kinetic energy for electrons lying at the bottom of the

conduction band is zero. The energy diagram of the parallel-plate

geometry would appear as:



10

V+ ^ + £F

rx
^ inside the

plate medium

where E„ = Fermi Energy
r

<1> = Photoelectric work function

V = Spectrometer bias.

Thus if the Fermi energy and work function are considered as

adding to the voltage, V, across which the electron must traverse,

12
then the result obtained by Nelson may be obtained by inspection

from equation (10). Hence, for a conducting medium:

^L -2(E +*+V) — ndV ^F V; .„2
dV

^V*^ = eAR =N(E +V), (12)
w

where E = E_, +
w F

For a non-conducting medium, E_ = 0 and the flux may be represented as:
i

12

n(<i> + v)
eAR

= N(E + v).
v w 'dV K ' ,._2

dV J

An objection, i.to this.interpretation of< the current voltage curve,

as giving the energy spectrum of secondary electrons, may be raised.

It may be argued that the application of the EC bias voltage to the

cavity may distort the flux within the cavity. That is, if electrons

which would normally produce additional secondaries upon striking a

chamber plate were prevented from striking a plate, then the secondaries

Nelson, D. R., et. al., op. cit.

(13)
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which would normally be born do not occur. However, it has been

13shown recently that the probability of secondary emission in this

energy region is small.

Co AC Measurement of the Derivatives of the Current-Voltage Curve

1. The Problem and Earlier Solutions

In the previous section an expression for the energy spectrum of

secondary electrons within the X-ray bombarded medium was discussed.

The spectrum can be determined from the first and second derivatives

of the current versus voltage curve of the vacuum spectrometer. In

Ik
the measurements made by Nelson , the I versus V curve was measured

to a high order of accuracy and the derivatives were then calculated

from the data. However, fluctuation in the X-ray beam output, as

well as the difficulties inherent in measuring DC current increments

-Ik
as low as 10 amperes limted the accuracy and sensitivity of the

measurements. The X-ray fluctuation might be overcome by use of a

gamma source, but a radioisotope source which would deliver a beam

7 cm in diameter and give uniform flux of k r/Bec could not be easily

achieved without a considerable investment in material and shielding.

It was recognized that a direct measurement of the parameters

d i/dV and dl/dV would improve the accuracy of the experiment. The

current voltage curve exhibits non-linearity and the similarity of this

non-linear phenomena and that of non-linearity in vacuum tube circuits

was apparent. In the latter case, non-linearity of the plate current-

grid voltage curves in triodes and pentodes causes distortion of

sinusoidal signals applied at the grid.

3 Fowler, H. A., Farnsworth, H. E., Phys. Rev. Ill, No. 1, 103 (1958).
Ik

Nelson, D. R., et. al., op. cit.
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15
A paper by Van Der Pol and Weijers describes a method of measuring

the successive derivatives of the current-voltage curves in triode

operated vacuum tubes. In their work, a pure sinusoida;l voltage was

impressed on the grid of a triode. If the current-voltage curve was

linear, the potential developed across the plate-load resistor would also

be pure sine wave. Due to the actual non-linearity of the current-

voltage curve, the authors observed several harmonics (up to the tenth)

in the potential developed across the plate-load resistor.

A theoretical analysis showed that the amplitudes of the various

measured harmonics could be related to the successive derivatives of

the current-voltage curve. Assuming that the plate current was an

analytic function [i = f(v) 1, of the grid voltage, a Taylor series

expansion of the function could be made around the point V • Hence, if

V = V + a sin cat, or (V - V ) = a sin ait, were substituted in the
o o

expansion, the following expressions for the amplitudes of the plate

current were obtained:

Direct Current:

2 /,2„v k ,\ >, 6 ,,6,

'ec'1.♦Ka-fefcil ♦«&*£&♦••• ™
o o

First Harmonic: (*- sin (at)

3 / 3 x. 5 / 5dlN , aJ /d-'lN bT /Vl
^•'larl +s- ^ +152 \^s\ +• • • ^

o o o

15 Van Der Pol, Balth, Weijers, Th. J., Physica 1, k&l, (1934).
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Second Harmonic: (•— cos 2cut)

2 ,2 » k /Ak \ 6 /J>~r\
^ - ^ {^s\ +«r (^4 + ins (^4 +"" (l6)

o o o

Third Harmonic: (~ sin ast)

aJ /dJl\ a^ /Vl

»- ir£& + 5ff£yi ♦••• <1T>
o o

Fourth Harmonic: (~ cos kast)

x%> =m (^\ +3850 (~fX +••• <l8>
o o

When the sinusoidal grid swing (a) is sufficiently small, the amplitudes

of the different harmonics of the output current, I , divided by the

corresponding power of the amplitude, a , converge toward the differentials

of the current-voltage curve as:

($\ - "- ^ "•• it; <«)11m -d. n i (•
a -> o ^

In this method, it is necessary to investigate experimentally

whether convergence to a limit does occur for successive reductions of

the grid swing (a). A practical test would be to reduce the grid swing

l/3 or l/lO and observe whether corresponding reductions in plate

current occur for the harmonic under consideration. Van der Pol and

Weijers found that a convergence was exhibited in the majority of the

cases which they considered. Although deviations occurred, such as

at points of discontinuity in the function I = f(v), it was felt that



Ik

a good approximation for practical work could be obtained, nevertheless,

by assuming the function to be analytic. Representation of the

characteristic current-voltage function in a series of Tchebycheff

polynomials obviated the difficulty of the Taylor series near points

of discontinuity. However, measurements would be more complicated for

this latter type of representation here and impractical for the

determination of the secondary electron spectra. Furthermore, discon

tinuity in the derivatives of the current-voltage curve of the parallel-

plate spectrometer occurred only at zero bias voltage.

d2I
2. Intermodulation technique for determination of

15
Nelson, D. R., et. al., op. cit.

dv2"
It was shown by Nelson that the energy spectrum was predominantly

a function of the second derivative of the current-voltage curve for

the present case of parallel plate geometry. The first derivative

factor was found to contribute 10$, at most, to the spectra calculations,

For this reason, a method which would most accurately measure the

second derivative was sought.

Two difficulties were evident in the single frequency-harmonic

measurement technique. First, the elimination of the AC capacitative

current passed to the detector by the capacitance of the parallel-

plate spectrometer would require the use of a nulling voltage in the

circuit. In this manner only AC currents due to the secondary electron

flux would be detected. However, it was found in practice that the null

condition could not be maintained for the duration of a spectra

measurement. Second, it was found that the magnitude of the impedance
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of the detector grid circuit was limited by the relatively small

capacitative reactance to ground,, Therefore, to attain the highest

possible voltage gain, it was desirable to work at low AC frequencies.

Since the oscillators were limited to a minimum of 20 c.p.s. input

frequency, the lowest possible second harmonic output frequency which

could be used was kO c.p.s. However, in practice, it was found that

a very low noise level existed in the output frequency region of

about 20 c.p.s. At this lower frequency the shunting effect of the

input grid capacitance would also be less severe.

These considerations led to an investigation of the possibility

of an inter-modulation measurement of the second derivatives. In

intermodulation distortion measurements of electronic amplifiers, two

AC signals are applied to the grid. Non-linearity in the current-voltage

curve produces components of plate current with frequency equal to the sum,

the difference, the harmonics, etc., of the two applied frequencies.

Similarly, if two AC signals were applied to the bias of the parallel-

plate spectrometer, non-linearity in the current-voltage curve would give

rise to a net current with frequencies representing the sum, difference,

harmonics, etc., of the secondary electron current-voltage curve.

Let us consider the function:

I = f(v) (20)

where I is the current flowing in the spectrometer, and V is the

spectrometer bias.



Suppose that

16

V = V + A sin cut + B sin at (2l)
o x

where V is the DC spectrometer bias and A,B are the amplitudes of the

AC modulation at frequencies to/2jt, a/2it respectively. Then

I = f(V + A sin cot + B sin at) (22)

Assuming I is analytic function in the domain considered, then around

the point V it can be represented as a Taylor series:

2 • .2,I = I + (A sin cot +Bsin at) f § V +U sin cot +Bsin at) /dl\
V 21 N dV 'V

o o

3 , AX\ t. — - . ™ — ^ / A(A sin cot + B sin at)0 / d3I "S (A sin cot + B sin at) / d I \

3! VdV3 A kl \ dAT /V
o o

Expanding this series and collecting like terms in (co) and (a) gives:

(~PC)

,2 ? s ,,2„N , X .2 2 k v / X.

(23)

^-Vlr'rO. + (^ +^ +;t) (3t| ♦■•• «»)^ ^ JWA \6k 16 6\ J V dT7 A



IT

(~ sin cot)
(25)

co V dV

\ / A3 AB2 N/ d3I N / A5 A3B2 AbS / d5l\
A l"7 ^A^a I1?2" "s-*-wJl7| +'

(~ sin at)

f dlN /
1 = H ( ^r) +

a V dVv
o

\

(~ cos (co-a)t)

/ dlN / BJ A^ / d^A . / £- + ^ + A*V d ^2„3 A
+ ... (26)

4-T _ AB / d2I N / A3B AB3 \ / dSl N , *
o o

(~ cos (a>+a)t)

T _ AB / d2I \ / A3B AB3 \ / d.\ N
o o

(~ cos 2cot)

T _ A2 / d2I \ / a\ A2B2 \ / A \
^ - f l^A U 7i WA

o o

(~ cos 2at)

2 ^2s • 4 2 2\ /It
B / d I N / B AT N / d I

(28)

(29)

ha- b H) M'r'f J' ♦- (30)dV yV V k8 16 / \ dV ^V
o o
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When the AC modulation amplitudes, (a) and (b), are sufficiently

small, the amplitudes of the different frequency components of I, divided

by their corresponding powers of A and B, converge toward the various

differentials of the current-voltage curve. In particular, in the limit

I, N converges as:
(co-a) B

lim L. t - ( *tk\ (31)A,B -0 AB X(co-a) " Vdy2 J^ ^ >

where 1/ -> represents the amplitude of the output current whose frequency

varies at (co-a/2jt) c.p.s., the inter-modulation or "beat" frequency. In

measuring the AC beat frequency to determine the second derivatives of the

current-voltage curve, it is necessary to apply the convergence criterion

as before. That is, successive reductions in A and B should produce reduc

tions in 1/ s proportional to the reduction in the product (A X B).

In summary, the intermodulation technique is used to measure directly

the second derivatives of the current-voltage curve. It is also possible

to measure the first derivatives directly by measuring the first harmonics

of either fundamental input modulations. However, the first harmonics had

superposed on themselves the imperfectly nulled capacitative current

mentioned previously. This made accurate direct determination of the first

derivatives difficult. Since the second derivatives might be very accurately

determined, the first derivatives were obtained by successive integrations

of the second derivative. This also eliminated-the error which might have

been involved in retuning the output wave analyzer at the two different

frequencies for each value of DC spectrometer bias.
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3. Energy Resolution of AC Measurements

The energy resolution of particle spectrometers is the apparent energy

spread given by the spectrometer to monoenergetic particles. The resolution

is usually defined as the width at half-height divided by the energy of the

line profile of the energy distribution measured for a flux of monoenergetic

particles. For the AC technique of measuring the energy spectrum of secondary

electrons in the parallel-plate spectrometer, the resolution may be calculated

as follows„

Consider first the energy resolution for measurement by the harmonics

of a single frequency modulated bias. Let the monoenergetic electron flux

be represented by a S-function,

N(V) = &(V -V1) (32)

where V, is the energy of the electrons. It was shown in Equation (5) that

the net current, l(v), may be expressed as:

I(V) = eAR

V °° /

/ N(V)dV + I ~r j N(V)dV (33)

Hence substituting (32) into (33) the current voltage characteristic for

monoenergetic electrons is:

l/2

I(V) = eAR f^- ) V<V1 (3*0

I(V) = eAR V > V1 (35)
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The derivatives of l(v) are then:

dl eAR

dV 2V^1"

dl

dV
0

d2I eAR

dV2 " kv^3/2

d2I

dV2 "
0

V< vx (36)

V > V1 (37)

V < v1 (38)

V> v1 (39)

^ = -|M 6(V-Vl) , V-V1 (k0)
2

dV 1

These are shown In Figure (2), where (^~) ( %k JW>̂ ( elR )^
/ V Nare plotted as a function of ( — j.

l(V) may be expressed as a Fourier series:

I = ) A sin ncot + B cos ncot , (kl)
/_, n n

n=l
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whose coefficients are:

2it

A. = - I sin cot d(cot)
1 it i I

2it

A_ = - / I sin 2cot d(cot)
2 jt , /

2«

B-, = — I cos cot d(cot)
1 it ,1

Br

2jt

— / I cos 2cot d(cot), etc.

(k2)

(*3)

(kk)

(^5)

Suppose an AC modulation, a sin cot, is superimposed on the applied

spectrometer bias V , where V < V,. Define $ as the phase of the AC at
° 1 V - vo

which V + a sin cot = V, . Then 4> = sin" —° as shown in Figure (3)
o i- a

Evaluating the Fourier coefficient, A^ from Equations (3k) and (U2):

A it

eAR

2jt

V + a sin cot
o sin cot d(cot) +

(Irf).

V + a sin cot
o

j(-*

sin cot d(cot) + / sin cot d(cot).
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~V + a sin cot
By the binomial theorem, / - may be approximated by:

__ . eAR , r, .
Then A, = •{ 2 cos 4>

1 it
(l -4TJ7^~== {£+i--sin20a / it . 4>

a

k V VVVT
o o 1

VTvT
o 1

1 3 >^cos * - ;r- COS $ j

(*7)

Bp may be evaluated similarly from Equations (3*0 and (^5):

B^

BgJt

eAR

V + a sin cot
o cos 2cot d(cut)

m

V + a sin cot
It-* 2lt r-rz—p p / V + a i

+ / cos 2cot d(cot) + / / —
4, jt-4> v Vi

cos 2cot d(cot)

=2M J 2sin * cos ♦ ( Vv~7vT - 1 )+ , / 2 cos ♦ - — cos ♦

2v/v Vn ^ 3
o'l

8 v H v,
o o 1

jt , ♦ sin 2* . 3
- + _ * _ Sln-' $ cos ♦

(^9)
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It was shown in Equation (l6) that the second harmonic appearing In

the output current is in the limit proportional to the second derivative:

Hence:

Bp cos 2cot

2 ,
dV /V

^B.

2 / ^2T
a / d I

T V ~2
v dV

it. **&
2 ic

cos 2cot = 1^ cos 2tot (50)

\2 sin ♦ cos 4> Nv /v -11 +

2 s/vvT
o 1

2 cos 4> -
k 3 N^ cos * J +

6V n/v V,
o o 1

it * sin 2*

k~+ 2 —r~

3
- sin 4> cos (51)

Similarly for the first harmonic Equation (15) showed that in the limit:

Hence:

/dlN =^1 =eAR
VdvA f Jta

2 cos<t>i

a

it-V vvvT
o o 1

A, sin cot = a ( -z— ) sin cot = I sin cot
1 V dV L co

lJV\ J7v=if 2
o 1

1 3 A
cos 0 - — COS *

sin 2A
—r

(52)

(53)
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N(V ), the flux within the medium may be expressed as:

^V = iAR
dl

dV
2V.

d2I

° V dV2 .
o o

where V = DC bias voltage. Hence, for V < V-,,

N(V ) =
1 J 2 cos
it 1 a (i-^)

kv -Jy v,
o o 1

cos ♦ -

(5*0

3
cos 4>

1 r l6VQ , x kv U 3
— i —rr- sin ♦ cos <|) (v/V /V, - 1 ) + • • • • (2 cos ♦ - ^- cos^ 4>)
11 i a2 v o/ x J sJtt: 3

o 1

•v/v V.,
o 1

sin 9 cos

A similar analysis for V > V,, shows that:

N(V )
v o' it [_ a \^ o' 1 J kv Vv

, r 8v / n kv

-1 ^sinniJ^K^oVl

(55)

cos 4>
cos3*\

o o 1

(56)

of . cos <t>"\ sin ♦cos 4>
cos <J> - ) +

^vT
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These expressions for N(V ) may be approximated for a « V,

"(V-1^-?-

and

n,,„ Ar s Wv /Vn(2- icos2 i16(V /V ) , n o' IV 3 7-|
(a/Vx)2 V ° V a/v J

V < V, ,
o 1 '

^ 2
2- ^- cos *

(57)

"^-TT^{-(^1,I-^-1)-w^^
(58)

Vo>Vl

The graph of this function, Figure (k), shows that the width of the

line profile at half-height, the resolution, is:

1.2^ or f^)X100(#) ,

and the base of the line profile is 2a. For the mathematically more compli

cated analysis of the energy resolution of theintermodulation frequency

measurement, it can be argued that the base of the line profile of N(VQ) is

no greater than ka, and that the energy resolution is no greater than:
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Ill. APPARATUS

A. X-Ray Machine

The X-ray beam was provided by a Westinghouse "Quadrocondex"

250 KVCP machine. The X-ray tube was a Westinghouse WL-395 with an

inherent filtration equivalent to 2.5 mm of aluminum. The lid of the

vacuum system which housed the spectrometer was fitted with an aluminum

cover plate of 2.0 mi thickness. The distance between the target of the

X-ray tube and the spectrometer collecting plate was 36 cm. A one-half

inch thick lead diaphram with a tapered inside edge, served to define

the X-ray beam reaching the spectrometer plates. The X-ray head was

placed in position over the vacuum system enclosure, as shown in Figure (5).

The X-ray output was stabilized by controlling the input AC voltage

with a Sorenson AC line voltage regulator Model 15000-2S. Erratic

fluctuations of as much as 1$ existed in the X-ray output. There was

a 120 cycle ripple component from the power rectifier of from 2$ to 3$°

Measurements of the complete spectrum required at most one hour, and the

long-term drift during this period was less than 1$.

The X-ray voltages selected for spectral measurements were 180 KVCP

and 250 KVCP. Dose rates at lower potentials were not sufficient to

produce an accurate measurement of the second derivative. The beam monitor

ing chamber used by Nelson was eliminated in order to modify the configuration

of the test chamber. This modification is described in the following section.

29
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B. Parallel-Plate Spectrometer

The spectrometer consisted of four plates, as shown in Figure (6).

The two outer plates (21.6 cm diameter) supported the inner collecting

plates (17-8 cm diameter for copper, aluminum, and graphite; 15.2 cm

diameter for conducting tissue equivalent plastic) by means of eight

equally spaced fluorothene insulators (3-8l cm long for copper and

aluminum, and 1.21 cm for graphite and conducting plastic). The outer

plates also served to shield the inner plates from collecting extraneous

electrons generated elsewhere in the vacuum system. Electrons were ejected

for example from the aluminum cover plate, the vacuum system base plate, and

the support rods by the X-ray beam and if collected would add to the true

current released from the two central plates of the spectrometer. Since

the outer plates were operated at the same potential as the inner plates

which they supported, an effective electrostatic shield was attained. The

outer plates were supported by aluminum rings (1.27 cm cross-section).

H-shaped teflon insulators separated the upper and lower rings. The gap

between the collecting electrodes was .635 cm.

To reduce the grid capacitance for the measurement of the spectra in

copper and aluminum, the spacing between the lower collecting plate and

its supporting plate was increased. The stray capacity to. ground had to

be minimized in order to attain high impedance at the grid of the pre

amplifier detector. Hence 3-8l cm fluorothene insulators were used in the

copper and aluminum measurements. The shorter insulators were used for

the other two materials to improve the plate rigidity.
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The plate thickness for each of the materials irradiated was

approximately equal to the range of 250 KeV electrons in the material.

17Theoretical ranges have been given by Spencer . These values and the

actual values used in the. experimental plates are given in Table I. It

is desirable to make the plates approximately equal to the range of the

most energetic photoelectron. While the secondary electrons which

are actually measured are thought to be generated near the surface of

the plate, a plate which was thinner than the range of the primary electrons

would not permit the establishment of primary electron equilibrium in the

material. A plate thickness which is greater than the range of the primary

electrons would attenuate the X-rays unnecessarily.

Table I. Calculations of Spectrometer Plate Thickness

Ideal

Material Range Density Thickness Thickness

/ 2g/cm
0

g/cm"3 (cm) (cm)

C opper .097 8.89 .011 .013

Aluminum .082 2.669 .030 .033

Graphite* .079 2.25 .035 .051

Conducting Plastic* .079 1.06 .074 .074

* The range used was that given for Beryllium, whose atomic
number is close to that of graphite and the conducting
tissue equivalent plastic.

Measurements of secondary electron yield by Nelson showed that the

saturation current yield was dependent on the surface condition of the

spectrometer plates. In his measurements, a 20$ higher yield was obtained

17 Spencer, L. V., Phys. Rev. 98, 1597 (1955)
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from the chemically cleaned copper than from the annealed copper. The

annealing process removes the oxide layer on the copper plates and

leaves the surfaces in a condition which is not easily oxidized again.

It Is interesting to note that the yield from the annealed plates used

by Nelson measured one year after annealing was higher by only 10$.

A new set of copper plates was annealed in an atmosphere of hydrogen

for the new measurements.

The aluminum plates were polished with sapphire dust and cleaned

with a detergent and water. The final cleaning of the aluminum was with

methyl alcohol and acetone, which were evaporated from the surface in

succession. The aluminum oxide layer is formed also instantaneously In

air, so no attempt was made to remove it. Graphite .and conducting tissue

equivalent plastic do not normally exhibit oxides, so no special surface

cleaning preparations were taken. The conducting plastic was cleaned with

methyl alcohol to remove any surface contaminants.

C. Low Noise Pre-Amplifier

1. General Description of the Circuit

a. Sources of Noise

Amplifier noise affects the accuracy possible in the measurement of

low-level signals. The manner in which the noise interferes depends upon

the kind of measurement being made. In measuring a sinusoidal current

input, the lowest level of detectable signal is approximately equal to

the noise level. However, in practice, the unsteadiness of the noise

component makes it difficult to measure accurately a signal less than
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three times that of the r.m.s. noise. In the present work, AC currents

as low as 5 • 10" amp were developed in the vacuum spectrometer. With
Q

a practical limit of 10 ohm input impedance, it is clear that noise

levels, referred to the grid of the pre-amplifier, would have to be on

the order of 1 [iv from all sources in the grid circuit.

Noise can result from poor engineering and construction: faulty

components, hum, microphonics, and electromagnetic and electrostatic

pick-up from sources external to the measuring equipment. Another source

of noise arises from the fundamental properties of electron current:

thermal motion of electrons in the detector load resistor and, grid cur

rent, flicker effect, and shot effect in the input tube. If due care

is taken in the construction and design of circuit wiring, it can be

reliably predicted that one of the latter sources of noise will set the

limit on the lowest attainable noise level from an amplifier.

b. Parameters and techniques for reduction of noise due
to external sources

Hum

The most obvious source of noise is that arising from 60 cycle AC,

its harmonics, and sub-harmonics. This is classified broadly as hum.

In the circuit used here, a DC supply for the heater circuits was obtained

from a storage cell, placed in a shielded battery box. Similarly, a DC

supply for the plate circuit used "B" batteries in a shielded box. Constant

voltage transformers while first thought desirable for minimizing line

fluctuations in associated AC apparatus, were found to have high leakage

fields and hence were not used in the apparatus.
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Microphonics

Microphonic noise may have a number of sources: tubes, signal-

carrying wires, and the signal source (parallel-plate spectrometer).

This noise is due to mechanical vibration. Ruggedized tubes were

selected as they are designed to minimize microphonic noise. A most

apparent microphonic source in the apparatus was the parallel-plate

chamber. Here vibration of the chamber plates produced variation in the

chamber's electrical capacitance; hence spurious noise was generated in

the signal source itself. The entire apparatus was accordingly shock

mounted from the floor to reduce mechanical pick-up of vibrations in

the building from fans, compressors, etc. However, a more serious source

of microphonic pick-up was found to be the forepump and diffusion pump of

the vacuum system associated with the apparatus. A complete description

of the techniques used to minimize this noise is given in section E of

this chapter.

Relative motion of signal source and detector, as well as cable

flexing constitute additional noise sources. To minimize these the

pre-amplifier was designed to be placed within the vacuum system. Relative

motion of source and detector was reduced, and input signal leads were kept

short. Where a longer cable was needed, such as that to the external DC

electrometer, a special cable designed to reduce noise arising from cable

flexing was used. Variations in the cable capacitance were minimized by

an Aquadag coating applied over the dielectric.
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In summary, all sources of microphonic noise, mechanical, acoustical,

and electrical, were studied. Techniques for reduction were attempted

and proved successful.

External Pick-up

Two techniques are commonly used to minimize the pick-up of noise

from sources outside the measuring equipment. These are the shielding

of cables and high impedance components, and the avoiding of multiple

grounds. All cables external to the vacuum system were double conductor,

single-shield cables used as shown in the sketch. By grounding the shield

at one end only (the source end),

noise currents could not be developed

Shield
along the shield. The pre-amplifier

Meter

-^r^ point, and all other equipment grounded

• * only to the pre-amplifier, via the

second conductor in the cables. It

was recognized that multiple grounds

should be avoided because of the possibility that potential differences might

exist between them,.

High impedance components are quite sensitive to external electrostatic

and electromagnetic fields. Noise pick-up in this case can best be avoided

by keeping high impedance leads short and properly shielded. The grid cir-

o

cuit of the pre-amplifier required a high impedance path to ground, ~ 10 fl.

By placing the high resistors near the pre-amplifier input, lead length was

kept short. Fortunately, all the high impedance components could be contained

I 1(£j) Source was maintained as tne central ground
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within the vacuum system. The stainless steel vacuum lid and brass base

plate constituted an effective electrostatic shield for the circuit. Within

the vacuum the input grid components were housed In an aluminum chassis box

which provided excellent low-capacity shielding.

The usual trial-and-error method of noise reduction proved valuable

in constructing the circuit. The output of the pre-amplifier was monitored

with an oscilloscope while various configurations of grounding, shielding,

lead-placement, and external equipment were tried. By this method it was

possible to reduce the external pick-up to a very low level (0.75 nv at the

grid).

c. Parameters and techniques for reduction of inherent noise

Current consists of the movement of charged particles. This movement

exhibits statistical fluctuations about a mean, value. The fluctuations

constitute a noise signal which can be minimized by the choice of circuit

and operating conditions. As contrasted to the previously discussed noise

sources, this source of noise cannot be completely eliminated.

To consider amplifier noise independently of the input signal is of

little value. The parameter of most interest is the signal-to-noise ratio,

(s/n). This ratio is a dimensionless number which expresses the ratio of

peak signal (volts) to r.m.s. noise (volts). Most of the inherent noise

appearing at the grid of the pre-amplifier arises from four sources:

first, the high spectrometer load resistor (thermal agitation noise);

second, grid-current in the input tube (grid-current noise); third, statistical

fluctuations in plate current (shot noise); and fourth, random changes in
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cathode emission of the input tube (flicker noise). In selecting a circuit

and operating conditions to minimize these sources, the noise signals are

assumed to have normal amplitude distribution, and to be independent of

each other.

Thermal noise

The random motion of free electrons in the load resistor R of the

parallel-plate spectrometer gives rise to a noise voltage which has a

mean-square amplitude of

—H- = k kT R (59)
df e

— 2 2
where v = mean square thermal noise (volts)

f = frequency in c.p.s.

k = Boltzmann's constant

T = Absolute temperature in °K

R = Chamber load resistance

However, it has been shown by Gillespie that the total noise voltage

seen by the amplifier input is expressed as:

v;2 = —± (6o)
ci

lB Gillespie, A. B., SIGNAL, NOISE AND RESOLUTION IN NUCLEAR COUNTER AMPLIFIERS,
(McGraw-Hill BeokCo., Inc., 1953) p. 22.
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where C-. = input capacitance. Thus the total thermal noise depends only

on the capacitance of the input circuit. This equation gives the upper

limit of the thermal noise which may appear at the amplifier input. Hence

the size of the grid leak (chamber load) resistor will not appreciably

affect the thermal noise appearing at the grid. Later considerations will

determine an upper limit on R.

Shot noise

The random variations in mean plate current of a tube give rise to

19
shot noise. For a triode, Schottky showed that

_£_ = k kT ^2. (61)
df e ^

2
where v = mean-square shot noise, e = transconductance cif the tube, and

T is assumed to be 290° K.
e

The similarity of this formula to that for thermal noise should be

noted. However, the noise is produced in the electron stream of the tube;

hence its amplitude and frequency distribution are independent of the grid

input circuit. Shot noise is higher in the pentode because the screen grid

reduces the transconductance by drawing off a fraction of the cathode current.

Also, since this division in current is subject to random fluctuation, another

source of noise, partition noise, appears in pentode operation.

19Schottky, W., Ann. Physik 57, 5^1 (l9l8).
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Grid-current noise

Grid current is a phenomenon observed in all amplifying and receiving

vacuum tubes. Random fluctuation in grid current produces a noise signal

which is proportional to the absolute magnitude of the current. A number

of sources of grid current are known; the parameters which may be adjusted

so as to minimize these sources are:

1. Collection of cathode-emitted electrons may be minimized by

operating the grid at approximately 2 volts negative with

respect to the cathode.

2. Leakage paths over the tube envelope -and•socket may be minimized

by operating in a dry atmosphere, using non-wettable insulators

such as teflon, and cleaning the tube and insulators.

3. Collection of positive ions formed when residual gas is ionized

by the electron stream can be prevented by operating at low

plate potentials.

k. Photoelectrons may be emitted by the control grid under X-rays

produced at the plate by the electron stream bombardment.

Minimization of this source of current can be obtained by operating

the plate at low potentials,

5. Photo-emission from the grid under light, external or cathode,

may be minimized by shielding the tube from light and using low

heater voltages.

6. Thermionic emission from the grid may be minimized by operating

at low cathode temperature.
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7. Collection of positive ions emitted by the cathode may also be

reduced by low cathode temperature.

8. Collection of radiation-produced ions can be reduced by shielding

the grid connection and tube from the radiation field, or

eliminated by enclosing the tube in an evacuated container.

In summary, the proper biasing of grid, plate, and cathode, the use

of low leakage insulators, operation at low cathode temperature, and light

and radiation shielding are techniques for reduction of grid current and

its associated noise. The grid current in the input circuit gives rise to

a noise signal which can be expressed as

=- 2 « 2
dv R

= 2e (Z I) K~z. (62)
s' 2 2df fe 1 + cd T.

where T.. = R-|C-, (in ohm-farads), time constant of the input circuit

SI = Arithmetic sum of grid current components (amps)
o

2 2
v = Mean-square grid current noise (volts) .

Flicker noise

Flicker noise is a phenomenon arising in all oxide-.-coa.ted; cathode tubes .

Flicker noise is caused by changes in the potential drop across the boundary

layer of the oxide-coated cathode. While the reason for the potential

variation is not well understood, it is known that the flicker noise referred

to the grid is nearly the same for all tubes. While the phenomenon produces
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modulation of the cathode current, the noise level is independent of the

grid circuit, and the plate current. The spectral density of flicker

noise is given by

df f

(63)

p 2
where v„ = mean-square flicker noise (volts) .

d. Selection of Circuit

Signal-to-noise ratio

In the preceding three sections, a consideration of noise sources

and parameters^ of circuitry for noise reduction have been considered.

The primary purpose in selecting a circuit is to optimize the signal-to-

noise ratio. From the preceding discussion of irremovable noise sources,

It can be stated that

" p 2 _-2 2'
v, + v_ + v + v
t f s g

It can be shown that thermal noise may be made small with respect

to the grid current noise by using a sufficiently high value of grid

resistor.
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From Equations (59) and (62), the value of R for which the thermal noise

becomes equal to the grid-current noise is:

2kT r in"2
R = — = 52Li±!— ohms, at T = 290° K (65)

e(Z I ) Z I 6

In the circuit to be described, it was desired that Z I be kept as low
g

as possible. For a value no greater than 10~ amp, the value of R which

would satisfy Equation (65) is (5 X 10" )/(l0~ ) = 5 x 10 ohms. The

lowest value of R was set at 10 ohms, thus establishing v as 25$ of v .

The upper limit on R will be discussed in a later section.

Furthermore, it was stated that the flicker noise was independent

of the operating conditions of the input tube. Optimization of the

signal-to-noise ratio is dependent upon only the shot noise and grid cur

rent noise. Consideration must then be given to the input circuit, the

input tube, and the operating conditions of the input tube.

Operating parameters in tube selection

It was stated in Equation (6l) that the spectral distribution of

shot noise could be represented as

_L_ = k kT hi a "L. (61)
df e ^n %i
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Similarly, it was shown that for grid-current noise

-2 2
dv R,

-S- = 2e(S I ) V—5- a (Z *«> (62)
df s 1 + la T± s

A phenomena exhibited by all tubes and circuits is that g a 1^., I.e.,

the mutual transconductance is proportional to the cathode current. It

is also true that I a 1^, I.e., the grid current is proportional to the

cathode curreat. The interdependence of shot and grid current noise can

then be expressed as

2 , , -m
v = k, I.*"1 (66)
s "1 k

\ - *2\* <«?)

where kn and k_ constants of proportionality, I = cathode current,
i. d ft.

0 < m, n < 2.

20
Substituting these expressions in (6k), Fairstein showed that the

conditions which optimize the S/N occur when

2

\- = - (68)
2 n v '

v
s

20 Fairstein, E., HANDBOOK OF INSTRUMENTS AND TECHNIQUES, (To be published
under the sponsorship of the National Research Council Committee on
Nuclear Science).
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It has been shown that m and n are of the same order for a triode

connected tube (with E at the lowest value which allows the grid to
XT O

be biased more negative than floating-grid potential), when I < 1 ma.

Hence, there is an upper maximum on the cathode current for best signal-

to-noise ratio.

21
Extensive measurements by Fairstein have established that for a

typical triode (operated at a grid-bias more negative than floating-grid

potential):

1. The grid current is directly proportional to the cathode current.

2. For a given cathode current:

I =(E )3/2 lv x10"10 oc(e )3//2 (69)
g p-g' k v p-g' v y'

Hence, in order to maintain low I (grid current), it is desirable

to operate at as low a plate-grid potential (E ) as possible.
ir~o

For a triode connected tube it is known that

Ik =G(Ep +HEg)3/2 (70)

where G = perveance ( 2-— J, p. = amplification factor, E = plate-
V volt-37 / ' p

-to-cathode voltage, E = grid-to-cathode voltage. If an E of -1 volt
g g

is assumed, then it can be shown that

«, - (i) ^ (71)
21 Fairstein, Rev. Sci. Inst. 29, No. 6, 524 (1958).



^7

Hence, since I is limited by previous consideration, the most desirable
is,

tubes for low E operation are those with low u and high G (or high e ).

— 2
Also, it should be noted that dv /df shot noise is inversely proportional

s

to g. Such a selection of characteristics will also give a tube with low

shot noise.

In summary, the characteristics of a low-noise operated tube are:

1. Low |jl _ I, < 1 ma
v

V

1 I •2o High a y when biased such that -s E , < 50

3. Low I„ Egk ~ " *5
(with respect to the
floating-grid potential)

A number of commercially available tubes exhibiting these characteristics

22
were examined by Fairstein . Among these are the 6AFk, 6tU, 6AJ5, 6AK5,

^03B, and 12AF6„ Two particularly suitable tubes, 6AJ5 and 6AK5, were

selected for the low-noise pre-amplifier used in the experiment. These

tubes possessed low I (~ 10 amp), when operated under the condition

specified above.

Circuit Design

Figure (7) shows the circuit of the low-noise pre-amplifier. Basically,

the circuit is described as a modified cascode input with a constant-

current pentode plate load. The cascode circuit combines advantages found

separately in triode and pentode inputs. The middle tube acts as a voltage

regulator on the plate of the lower tube, thus increasing the gain of the

input stage. The constant-current pentode has the effect of a very large

plate resistance, and results in high over-all gain and linearity.

22
Fairstein, E., op. cit.
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The input tube is operated with a grounded cathode. This gives

high voltage gain. Also, the high power gain of this configuration

minimizes noise arising in the second stage. The stability is good for

small signals. The second tube Is operated with grounded grid. This

gives high stability. Large input conductance allows the full use of the

power gain of the input tube. It should be noted that low plate supply

voltage is used, a pre-requisite for low-noise operation. Screen supply

voltage for the first tube was built into the amplifier as a small

battery, reducing the possibility of external pick-up.

e. Selection of Tubes and Practical Operating Parameters

Tubes

A wide variation in \i, e , and inherent noise level is found within

tubes of the same type. Therefore, a number of tubes of the type (6AJ5)

were selected and each individually checked for gain, grid current, and

low noise. Similarly another batch of type 6AK5 was tested and the best

individuals selected. Out of approximately fifty tubes ten were selected,

and these were rotated to the various positions in the circuit. In this

manner it was possible to maxmimize the gain of the pre-amplifier and

minimize the noise level for given operating conditions.

Selection of practical operating parameters

At a given value of plate potential and screen potential, a curve of

plate current versus grid voltage was taken for each of the fifty tubes. .Those

exhibiting a region of high gain were selected. The plate current associated
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with the region of high gain was of particular interest. The significance

of this parameter is as follows:

In part c of this section, grid current noise was discussed. It

was pointed out that grid current due to collection of cathode emitted

electrons could be minimized by operating the grid at approximately

2 volts negative with respect to the cathode. A graph of grid current-

grid voltage for a typical tube is shown in the sketch. The positive I
g

portion, to the right of A, repre-

Electron Current /

/
/

/

Ion Current

O I

sents grid current due to the

collection of cathode emitted

electrons. The negative I portion,
g

to the left of A, represents grid

current arising from grid emission,

or collection of positive ions. At

A, the point of "floating-grid"

potential, the various components

balance, Z I = 0. However, it is not here that noise due to grid-current

is minimized. The sizes of the individual components to the current each

subject to random variation, are not at a minimum. A large component of

electron current is here balanced by a large component of ion current.

Furthermore, slight fluctuations of the grid bias to the right of A will

increase the Z I sharply. In practice the grid is biased approximately

.5 volts more negative than A, to the point of maximum negative grid-current.

Here, the slope of the curve is zero and slight variation in V will
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not appreciably alter I , and the noise due to electron current will be

significantly lower than at A, the floating-grid potential.

The next step in establishing the operating parameters was to

determine the floating grid potential and its associated plate current

for the high gain tubes selected. Those with floating grid potential

such that the associated plate current was less than the plate current

of the region of high gain (previously noted), were discarded. It was

clear that in order to satisfy the grid bias condition established, it

would be necessary for the floating grid plate current to be greater

than the plate current in the region of high gain. Of the ten selected

tubes, only one exhibited the desired characteristic.

In operating the grid, the grid bias was controlled by the battery

on the low end of the grid resistor R^. By adjusting this potential, it

was possible to bias the grid so that the amplifier operated at highest

gain and lowest grid-current. Figure (8) shows the graph of I versus

E for the pre-amplifier. The value of E associated with I / . s
g g p(max.gam)

is approximately one volt more negative than E /„, ,. \. In operation,

E of the input tube was 12.5 for 1^ < 500 u.a. In this manner the

operating conditions best suited for low noise operation were satis ified.

2. Construction

a. Electrical

In construction of the electrical circuit of the pre-amplifier,

primary consideration was given to minimizing leakage paths, especially

in the grid circuit. Teflon tube sockets and hook-up wire with teflon
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insulation were used exclusively,, Kovar glass feed-throughs gave high

resistance inputs for connections between external leads and internal

components,, Point-to-point wiring was used within the chassis proper,

to conserve space. A single chassis ground point was selected at a

location near the input so as to minimize the possibility of ground loops.

Sprague "Vitamin Q,! capacitors were selected because of low leakage and

reduced size. Two 15 volt hearing-aid batteries supplied the screen bias

for the input tube.

b. Mechanical

The amplifier was constructed of brass, and consists of three parts*

chassis, tube cover, and component covero The three fit together into an

air-tight unit, by means of O-ring seals and boltso Since the unit has

self-contained batteries and an electrolytic capacitor, it was necessary

to construct the container air tight so that the pre-amplifier might be

contained within the vacuum system„ The chassis was fitted with Kovar

glass feed-throughs so that access to the electrical components could be

made. The brass tube cover also functioned to conduct heat away from the

tubes and to shield the tubes electrostatically from the X-ray beam and

electric or magnetic fields. A lead disc was placed on top of the amplifier

during the measurements to further shield the components from the X-rays„

The amplifier is shown in Figure (9), and appears in. the photograph of

the working apparatus, Figure (10), as it was positioned in the actual

measurements.
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D. Electrical Circuit

1. Input

a. Signal generators

Two Hewlett-Packard Model 65O-A Test Oscillators supplied the

AC bias voltages to the parallel-plate spectrometer. These instruments

were selected for their low harmonic distortion and frequency stability.

To insure stability the oscillators were operated continuously.

b. Mixing network and balancing circuit

The parallel-plate spectrometer may be represented in the circuit

as a capacitance of about k^ nuf„ Therefore, AC fundamental voltages

if applied directly to the spectrometer plates would be passed to the

grid of the pre-amplifier detector. At first thought this might not

seem objectionable since the beat frequency resulting from the non-

linearity of the current-voltage curve of spectrometer under X-radiation

was to be measured, rather than the fundamental frequencies. The passing

of the fundamental components to the grid is undesirable, however, since

the amplitude of the signals may be of such a magnitude as to over-load

the input causing grid rectification and cut-off. For this reason, a

null method was devised so that no AC components would appear at the

grid of the pre-amplifier when the X-rays were off. When the spectrometer

is bombarded by X-rays, a net secondary electron current flows between the

plates. The spectrometer then functions with a non-linear current-voLtage

curve. The DC and AC currents caused by the non-linearity are measured to

determine the shape of the current-voltage curve.
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The null circuit is shown in Figure (ll). The two fundamental

AC voltages from the signal generators are applied to the primary

winding of the mixing transformer. To prevent the oscillators from

loading one another, a simple resistor-capacitor filter was used at

the transformer primary. The center tap of the secondary winding of

the transformer is grounded for AC through a 1 (if capacitor. The AC

voltages developed at", the opposite ends of the secondary winding are

l80° out of phase. The spectrometer and a variable nulling capacitor

are placed in series across the secondary winding. The variable

capacitor may then be adjusted so that no AC voltage appears at the

grid of the pre-amplifier when the X-ray beam is off. This balance

position is attained when the variable capacitance is equal to the

capacitance between the spectrometer plates.

The variable nulling capacitor was located within the vacuum

chamber in order to minimize the input capacitance and the high impedance

lead length. The variable capacitor was enclosed in an aluminum chassis

box which was shielded from the X-ray photons by l/k" of lead on the sides

and bottom, and l/2" of lead on the upper surface. The location of the

various components is shown in Figure (10). The input transformer was

selected for low distortion and high linearity. It is a General-Radio

Type 9I+I-A Toroidal Transformer, connected to give 600to primary impedance

and 214-000, secondary impedance. Two matched kOYL resistors provided a

finite transformer load so that various configurations in the balance
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circuit could be used without altering the secondary output of the trans

former. DC voltage bias for the spectrometer was applied to the center-

tap of the secondary winding of the transformer.

c. Pre-amplifier input network

A resistor-capacitor grid input network was selected so as to isolate

the grid from the DC spectrometer current. This prevented variation in DC

current in the load resistor, R, from changing the operation bias point

of the pre-amplifier. The chamber load resistor and grid resistor were

9
nominally selected at 10 fl. However, the upper limit of impedance to

ground seen by the grid was determined by the capacitance to ground,

approximately 45 iiuf. At 22 c.p.s. this gave an input impedance of

r 8 Q
1.61 X 10 0.. The use of 10 fi S.S. White resistors represented a compromise

between two limits. A lower resistance would have appreciably shunted

the capacitative impedance, while a higher value would have increased the

time constant of the network to a value on the order of the period of the

AC signal measured.

A Fast 400Q (iuf blocking capacitor was selected because of its high

DC resistance. The body of the capacitor was dipped in ceresin wax in

order to improve the surface resistance and to reduce the tendency for

14
outgassing. The DC resistance of the capacitor was higher than 10 ft.

2. Output

a. DC current electrometer

The DC secondary electron current was measured with a Keithley Model

410 Micro-microammeter Serial No. 453. The instrument was connected to
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9
the low impedance end of the 10 fl spectrometer load resistor, R. The

electrometer is designed with voltage feed-back so that there is a

maximum of 5 mv drop across the input. Hence, the lower end of the load

resistor was, in effect, at ground potential at all times. However, the

DC spectrometer plate bias had to be corrected for the voltage drop

9
across the 10 0, load resistor.

b. AC Voltage wave analyzer

AC voltages were measured by a General-Radio Type 736-AjWave Analyzer,

Serial No. 892. This instrument is essentially a sensitive vacuum-tube

voltmeter with a 4-cycle bandwidth. The analyzer was connected to the

output of the low-noise pre-amplifier. It was also used to measure the

amplitude of the applied AC fundamental modulation.

E. Vacuum System

The vacuum system equipment consisted of a Distillation Products

Industries diffusion pump, Model MCF 300-01, a Distillation Products

Industries water-cooled baffle, a Welch Manufacturing Company Duo-Seal

vacuum forepump, and a Consolidated Electrodynamics Type VST-22 0-ring

gate valve. The latter was installed at the entrance to the forepump

to seal off (when taking data) the volume into which the diffusion pump

exhausted. A General Electric ion gauge supply was used with a Distil

lation Products Industries VG1A ion gauge to measure the vacuum. The

vacuum was maintained at 7 X 10 mm of Hg for annealed copper,

5 X 10 mm of Hg for aluminum, 5 X 10 mm of Hg for graphite, and

8 X 10 mm of Hg for the conducting plastic.
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The best vacuum was attained when the diffusion pump was operated

at 68 volts and 3«80 amperes. This current was low enough to prevent

the diffusion pump oil from boiling violently. At currents above 4.00

amperes, the temperature of the oil was high enough to cause random

noise pulses to be generated by microphonic vibration of the spectrometer

plates.

The vacuum system was designed so that for short periods of time

(approximately ten minutes) the forepump could be shut off from the

system. The diffusion pump was then allowed to exhaust into the 900 cc

volume between the diffusion pump and the forepump. Microphonic noise

produced by mecahnical vibration of the spectrometer plates was reduced

by this technique. In normal operation when the forepump is on random

noise pulses as large as 20 |j.V at the grid were generated by vibration of

the spectrometer plates.

The system could be operated in this manner for twenty minutes or

more if necessary. However, as the forepressure in the volume between

the diffusion pump and the forepump increased, the pumping speed of the

diffusion pump decreased causing a poorer vacuum. A graph of vacuum

versus time after forepump is shut off is shown in Figure (12). The

vacuum could be returned to its initial value in a few seconds by

turning on the forepump and opening the gate valve.
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IV. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

A. Experimental Procedure

Before a set of current-voltage and second derivative-voltage

curves were taken, the wave analyzer, oscillators, and electrometer

were warmed up for at least two hours. Where such operation was pos

sible, vacuum tube equipment was operated continuously to improve stability

and to prolong component life. The first step in the experimental procedure

was to calibrate the wave analyzer. Calibration included setting the

frequency dials to read correctly, and adjusting the voltage sensitivity

to an internally provided 60 c.p.s. calibration signal. The wave analyzer

was used throughout the measurements as the AC standard meter. Therefore,

the calibration was re-checked frequently during the spectral measurements.

The low noise pre-amplifier was warmed up for about twenty minutes

before a run. Then, with no applied AC bias to the spectrometer, the

output of the pre-amplifier was scanned with the wave analyzer to determine

the frequency region of lowest noise level. At the same time a low

frequency region was desirable, since the input impedance of the grid

circuit and hence the voltage developed at the grid were inversely

proportional to the frequency. It was found for all the measurements

that a frequency of 22 to 24 c.p.s. gave the best sensitivity-to-noise

ratio. The AC oscillators were tuned to 324 and 300 c.p.s. The initial

AC modulation of the spectrometer was set at 100 mv r.m.s. It was found

that this value of AC gave sufficient AC beat frequency output so that

63
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an advantageous signal-to-noise ratio could be maintained out to at

least 4 volts DC spectrometer bias. Reasonably good energy resolution

was to be expected if the AC modulation was less than ten percent of

the DC spectrometer bias.

The pre-amplifier plate current was monitored so as to establish

the operating conditions of the circuit. By varying the DC potential

applied to the low impedance end of the grid resistor, the pre-amplifier

could be biased to the operating conditions of highest gain. Plate

current was re-checked throughout a rjjn in order to maintain a constant

gain in the pre-amplifier circuit.

The X-ray beam was then turned on and the current-voltage and beat

frequency-voltage curves were measured. The steep slope of the second-

derivative as a function of voltage meant that the amplitude of the

output beat frequency declined very rapidly. In order to maintain

sufficient intermodulation frequency output, the amplitudes of the

fundamental AC signals applied to the spectrometer were increased at

regular intervals in the measurement. The fundamental amplitudes were

increased in steps of 3* as the output signal decreased in accordance

with the decline in the second derivative curve. The measurements were

overlapped on the DC bias scale and the amplitude of the AC beat output

divided by the square of the AC fundamental input was observed to be a

constant, thus satisfying the convergence criterior discussed in

Chapter II, Section C-2.
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The saturation current (at 30 volts DC bias) was measured for

unfiltered and heavily filtered X-rays over the range from 30 KVCP

to 250 KVCP. However, the spectral measurements were able to detect

a very few secondaries of higher energy than 30 volts for aluminum and

copper. The number of such higher energy electrons was so low that the

increment which they added to the DC current could not be detected in

-13
the most sensitive scale of the electrometer (3 X 10 amp). Hence

the secondary electron current had reached, in effect, a constant

saturation value at 30 volts bias.

Upon completing the spectra and yield measurements for a material,

the vacuum system was opened and measurements of the:.input characteristics

of the pre-amplifier were taken. Capacitative impedance to ground was

determined with a Tektronix Type 130 LC Meter. The grid resistances were

measured on a sensitive bridge circuit. The X-ray flux between the

collecting plates of the spectrometer was obtained with a Victoreen

Condenser R-Meter, Model 70. For the dose measurements, the geometry

during actual operating conditions was duplicated.

B. Data Analysis

The data were analyzed to obtain the energy distribution by

calculating the value of the second derivative of the current-voltage

curve from the AC beat frequency voltage appearing at the wave analyzer.

The energy distribution is largely a function of the second derivative;

the first derivative contributes less than ten per cent to the calculated

spectra.
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The magnitude of the AC current component at the beat frequencies was

shown in Chapter II to be related to the amplitudes of the applied AC

signals and the second derivative of the current-voltage curve as

V-a) - 2 ^2 ' ™

This current develops a voltage at the grid across the input impedance,

The voltage amplitude appearing at the wave analyzer is then:

Eoutput v „, vdv'(") (4) W (G) (73)
\ 2 / \ dV -J

Where R = input impedance, G = amplifier gain, and AB = amplitudes of

the fundamental AC modulation.

, d2 N
Solving for ' '

V 2V dV ;

d2I 2

AB RG

amp

dv2 (volts)
(74)

Considering now the plate area irradiated (a), X-ray dose rate (r),

and charge units we find:

— =— (volts)"2 — ( ^±1 X, 1 ov in9 ( esu \ 1 f roentgen V1dV2 AB^°ltS) GR ( sec ),m)2 3x10 (—) - f ——
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2 ~ V 2 2
dV AB R ar G \ cm X r X volts

The first derivatives of the current-voltage curve were calculated

by numerical integration of the second derivatives. Assuming that the

first derivative is, in effect, zero at energies above that at which

the constant DC saturation current is reached:

V
sat

saturation

Hence the first derivative at any spectrometer voltage V' may be found by

integration of the second derivative from V . to V':

V*

di N f f d2i >dv (77)
® )v< / 'Vdv2

sat

2

The values of -^r and —pr were used to calculate the spectra,
dV dv2

eN(E + V), from Equation (12).
w

The DC bias voltage on the spectrometer plates was corrected for the

voltage drop across the chamber load resistor, R. The DC secondary

electron current through this resistor was measured by a Keithley electro

meter. This voltage represents the voltage of the lower spectrometer plate

with respect to ground. In all cases this was a small correction, less

than 0.4 volt.
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Calculation of the saturation current density proceeded in a

straight-forward fashion. The total current yield was calculated by

averaging the yields from measurements with (+) and (-) plate polarity.

The saturation current density was then:

^..t>-f..t (^) 3xi»9te)f-2

31 .x io9 ,sat f esu \ . g.

ar V cm - roentgen

a(cm) /roentgens
V sec •)



V. EXPERIMENTAL RESULTS

A. Energy Spectra

Figures (13), (14), and (15) show the experimental current-voltage

curve, the first, and the second derivatives, respectively for annealed

copper. The experimental secondary electron spectra for the four media

irradiated are shown in Figures (l6), (17), (l8), and (19). Two X-ray

beam potentials were used, l80 KVCP and 250 KVCP. The beams were unfiltered

for these measurements in order to obtain the maximum dose rate. The shape

of the energy distributions of the secondary electrons is essentially the

same for the two values of incident X-rays. The difference in the magnitudes

of the electron distributions, particularly noticeable for aluminum and

copper, will be discussed in Section B of this Chapter.

Figures (20), (2l), and (22) compare the electron spectra obtained

by AC measurements of the second derivatives with Nelson's data, obtained

by point-to-point analysis of the DC current-voltage curves. The distributions

compare favorably, in the low energy region of Nelson's measurements. Nelson

fitted his data with a function:

eN(E + V) = - 5- (79)
w (p + e + vr

where a,p = arbitrary constants. The greater sensitivity of the AC

technique made it possible to measure the electron flux out to higher

values of electron energy. The data shows that for higher electron energies,

the distribution falls off more rapidly than the' inverse square of the energy,

No simple function has been fitted to the data.
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The discrepancy in the magnitudes of the energy distributions obtained

by the AC and DC methods is caused primarily by differences in the cleanness

of the plates of the spectrometer. Nelson discovered that the thicker

the oxide layer on the copper plates, for example, the high was the total

yield of electrons. The variation in the condition of the plate surfaces

resulted in a saturation current yield which was ten per cent lower for

graphite and aluminum, and thirty per cent lower for copper in the present

measurements. This information, applied to the electron flux spectra as a

normalization factor, would bring the energy distribution curves into

better agreement. Tables II, III, IV and V list the energy distributions

numerically.

B. Saturation Current Density

The DC current from the parallel-plate spectrometer is very nearly

23
constant above 25 volts DC bias. Taylor and Nelson have made measure

ments of the current density at saturation for various media. Nelson's

measurements were made with unfiltered X-rays and may be compared with

data taken in this experiment' (Table VI, columns two and three). Taylor's

measurements were taken for heavily filtered X-rays and may be compared for

data taken with heavily filtered X-rays in this experiment (Table VT, columns

four and five). The saturation current density is given in

23
Taylor, L. So, pp. cit.

esu

cm - roentgen



81

Table II. Energy Distribution in Annealed Copper

250 KVCP X-Ray (Unfiltered) 180 KVCP X-Ray (Unfiltered)

eN(E + V)
w

eN(E + V)
x w

V

(Volts)
/ esu "N V

(Volts)
/ esu "N

Vcm2r(Volt) / \ cm2r(Volt) /

.Ok .0068 .03 o010l+

.10 .0193 .10 .0256
.16 .0229 .16 .0383
• 23 .0276 .23 .01+22

-29 .0291 • 29 .01+16

• 35 .0281+ • 37 .01+06
Xl .0270 X3 .0365
XI 0O258 • 50 .0333

.53 .0229 • 57 ,0302

.60 .0217 .61+ .0281+

.67 .0203 •72 .0256
-7^ .OI85 .79 .021+3
.89 .0156 .87 .0221

1.03 .011+6 •9k .0208

1.19 .0137 1.01 .0191

1-35 .0111+ 1.17 .0172

1.50 .0095 1.33 .0157

1.93 .0073 1.50 .011+1

2.30 .0066 1.68 .0131

2.76 .001+9 1.85 .0113

3.23 .0039 2.27 .0095

1+.12 .0025 2.72 .0082

5.05 .0018 3.17 .0055

5.99 .0012 3.63 .001+1+

6.9k .00091+ 1+.57 .0031

7.89 .OOO76 5.51 o002l+

9.81+ .00051 6.1+7 .0017

11.80 .00035 1X3 .0015
14.76 .00019 8.1+1 .0012

17.76 .00012 10.1+0 .00072

22.75 .00006 12.31+ .0001+7
27.72 .00003 15.33 .00025

32.72 .00002 18.31 .00016

23.30 000007
28.30 .00005
33.30 .00001+
38.30 .00003
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Table VI. Current Densities at Saturation

Unfiltered Experimental Experimental Experimental Heavi iy
Medium X-Ray X-Ray Unfiltered Heavily Filtered Heavily Filtered Filtered X-Ray

KVCP Nelson X-Ray X-Ray; Taylor21*-* X-Ray** (rad dose)***

-2 -1
esu cm r

-2 -1
esu cm r

-2 -1
esu cm r

-2 -1
esu cm r esu cm (racl)

250 1.1 X io~3 1.0 X 10~3 .26 X 10"3 .1+1 X 10"3 X8 x 10"3
200 1.1 X 10"3 .32 X 10"3 .1+7 X 10~3 „52 X 10"3

Aluminum
150

100

1.3 X 10"3
1.9 X 10"3

.1+2 X 10"3

.81 X io~3
.61 X 10"3

1.25 x 10"3
.51 X 10"3
.1+9 X 10"3

16 1.9 X 10"3 I069 X 10"3 .1+7 X 10"3
50 1.9 x 10~3 2.25 x 10"3 .1+7 X 10"3 .

250 .21+ X 10~3 .21 X 10"3 .23 X 10"3 * .31 X 10"3 .37 x 10"3
200 .22 X 10"3 .21+ X 10"3 * .30 X 10"3 .39 x 10"3

Graphite
150

100

.22 X 10"3

.21 X 10"3
.27 X 10"3 *
.26 X 10"3 *

.31 X 10"3

.26 X 10"3
.37 x 10"3
,37 x 10"3

76 .19 X 10"3 .22 X 10"3 .1+0 X 10"3
50 .17 X 10"3 .21 X 10"3 .1+8 x 10"3

250 6.3 x 10"3 1+.1+ X 10"3 .67 X 10"3 .36 X 10"3
200 1+.9 X 10~3 1.05 X 10~3 .36 X 10"3

Annealed 150 6.7 X 10"3 2,1+1+ x 10~3 .31 X 10"3
C opper 100 8.1+ X 10"3 6.79 X 10"3 „22 X 10"3

76 9.3 x 10"3 9.28 X 10"3 .20 X 10"3

50 7.0 X io~3 8.55 X 10"3 .15 X 10"3
-

Continued



Table VI. Current Densities at Saturation Continued

Medium

X-Ray

KVCP

Unfiltered

X-Ray

Nelson

Experimental

Unfiltered

X-Ray

Heavily Filtered
X-Ray; Taylor21*-*

Experimental

Heavily Filtered

X-Ray**

Experimental Heavily
Filtered X-Ray
(rad dose)***

Tissue-

Equivalent

Conducting

Plastic

250

200

150

100

76

50 •

.29 X 10"3

.28 X 10"3

.28 X 10"3

.25 X 10"3

.21+ X 10"3

.22 X 10~3

.35 x 10~3

.39 x 10"3

.38 X 10"3

.33 x 10~3

.32 X 10~3

.28 X 10"3

0

.1+0 X 10 J

okk X 10"3

, .1+2 X 10"3

.1+3 X 10"3

.55 x 10"3
061 X 10"3

* Figures for graphite-coated bakelite.
** Effective X-ray energies for experimental data from heavily filtered beam:

KVCP KeV Effective

250 KVCP (201 KeV)
200 KVCP (159 KeV)
150 KVCP (lll+ KeV)
100 KVCP (68 KeV)

76 KVCP ( 1+5 KeV)
50 KVCP ( 35 KeV)

*** Absorbed dose calculated from the relation:
\ v ^VSlir v jOO(r)( eSU )x a ^ air y ^^J t —±

saturationl 2 J tT+a +K) 7 837rad) satV 2
Vm -T'' K a T med» x ' \cm

esu

m -rad-'

(25)
**** Tissue-equivalent conducting plastic made by Markite Corp., New York, N. Y. By weight: C = 82$,

H = 10.1+$, 0 = 1+.1$, and N = 3-5$°

2k

25
Taylor, L. S., op. cit.

Storm, E., Gilbert, E., Israel, H., "Gamma-Ray Absorption Coefficients ... ", LA-2237, Los Alamos Scientific
Laboratory, Los Alamos, New Mexico (1958)0
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For the heavily filtered X-rays the saturation current density for

copper and aluminum shows a higher yield per roentgen at low photon energies

than at high photon energies. The yield per roentgen was fairly constant

for graphite and tissue equivalent plastic. This phenomena suggests a cor

relation between the saturation current and the mass absorption coefficients

of the media. Column six of Table VI lists the saturation current density

in —2£2i— } i.e., as a function of the dose absorbed in the media. The
cm rad

yield per rad is relatively constant for the photon energies from 1+5 KeV to

200 KeV. Also, the absolute yield per rad is very similar for the four

media considered. The saturation current densities are plotted as a

function of incident dose and absorbed dose in Figures (23) and (2k)

respectively. It is difficult to determine accurately the effective mass

absorption coefficient for the low energy photon spectra. The error in the

determination of this coefficient is believed to be the cause of the apparent

decline in the yieldper rad for copper at low incident photon energy.

The physical picture which explains the above may be hypothesized

as follows: incident photons produce primary Compton and photoelectrons

in the medium (a plate of a thickness which is sufficient to give electron

equilibrium). The low energy secondary electrons measured in the parallel-

plate spectrometer are those which are formed in a thin layer adjacent to

the surface of the medium by the interaction of the energetic primary

electrons with the atoms of the material. It appears from the observed

constancy of the secondary electron yield per absorbed rad that the secondary

electron yield is proportional to the energy deposited in the medium.
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The dependence of secondary electron yield on energy deposition

in the medium explains the phenomena previously noted for the flux

spectra (section A). The difference in absolute magnitude of the electron

spectra with different X-ray beams (250 and 180 KVCP), can be understood

by considering the spectra as a function of absorbed dose (rad) rather

than incident dose (roentgen).



VI. CONCLUSIONS

AC modulation of the bias was used to measure the second derivatives

of the current-voltage curve of a parallel-plate spectrometer bombarded

in vacuum by lightly filtered 250 and l80 KVCP X-rays. The secondary

electron energy spectrum in theplate medium was shown to depend primarily

on the second derivatives of the current-voltage curve. The spectra

showed an increasing number of electrons at lower energies in the four

plate materials measured: copper, aluminum, graphite, and tissue equivalent

conducting plastic.

The energy distributions could not be fitted with a simple analytic

function. Comparison with the function:

eN(E + V) = a
(P +Bw +V)2

found by Nelson showed good agreement for electrons with energies less

than (E + 6) electron volts, where E is the sum of the Fermi energy and
w w

the photoelectric work function. For higher electron energies, the

distributions fall off more rapidly than the inverse square of the energy.

The total yield of low energy secondaries at saturation was found to

be highly energy dependent, as a function of incident dose (r), for

heavily filtered X-rays from 35 KeV to 200 KeV. However, the yield

expressed as a function of absorbed dose (rad) was relatively constant

for X-rays from 1+5 KeV to 200 KeV. Also, the yield (per rad) was of the

same order of magnitude for the four materials and had a value of about

, ._ -,n-k esu1+.5 x 10 —g
cm rad
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APPENDIX I

Error Analysis

Random and systematic errors were considered separately in the

experimental results. It was shown in Equation (75) that the absolute

magnitude of the second derivative of the current-voltage curve was

linearly related to the amplitudes of the AC input signals, the'output

beat-frequency signal, the gain of the pre-amplifier, the dose rate,

the plate area irradiated, and the input impedance of the grid circuit.

All but the latter two are subject to random error.

The random error in AC voltage measurements was assessed to be on

the order of one per cent, the accuracy to which the scale of the wave

analyzer could be read. Random error in the output beat frequency signal

was calculated for each data point on the basis of the percentage of

noise contained in the gross output. The percentage random error in the

2 2
second derivative, d l/>dV , at spectrometer bias voltage V, can be

expressed as:

Ad2l/dy2 ^ =J{^f +(AA)2 +(Ag)2 +(Ar)2 +(noise/signal)2 (8l)

where A = error in determination of pre-amplifier gain = v(A. )2+(a ,)2g ±- ±- & \ iny \ oui.y

= 7(^)2 + (10)2 = + i„4 £.

A ,A = error in input AC signal measurement = 1$.

A = error due to fluctuation of X-ray beam =2$.

noise

signal ,
= percentage error in AC output measurement at bias V, due

to noise signal.
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The relationship between the energy distribution and the derivatives

of the current-voltage curve was shown in Equation (12). It is evident

that the first derivative enters into the energy distribution as an order

of magnitude less than the second derivative. Thus, a maximum error of

10$ in the calculated values of the first derivative would cause a 1$ error

in the energy distribution from this factor.

Systematic errors were estimates as:

Error in determining plate area irradiated = 2$

Error in determining input impedance = 3$

Error due to non-linearity between voltage = 5$

scales of the wave analyzer

The total systematic error can be expressed as:

W*> ) " ^22 +32 +52 - ± 6-15* (82)
x w -sys

The systematic error was not included in the calculations or graphs of the

energy distributions because it would not have altered the shape of the dis

tributions . The random errors for each value V of bias are plotted on the

energy distributions, as shown in Figures (l6), (17), (l8), and (19).



APPENDIX II

Table VII. Fermi Energy E„ and Photoelectric Work Function * for
F

Cu , Al, Graphite, and Tissue Equivalent Conducting Plastic

EF(eV) ♦ (eV) E (eV)
wx

26Copper 7.00 1+.1+5 11.1+5

ah • 26Aluminum 11.7 1+.20 15^9

27
Graphite and

Conducting ]
Tissue Equivalent

Plastic*

~ 0 1+.56

* The values for the conducting plastic were assumed to be the same
as for graphite since the plastic contained a large proportion of
carbon (82$ by weight).

__

Dekker, A. J., SOLID STATE PHYSICS, (Prentice Hall, New York, 1957) p. 215.

2^ Taft, E., and Apker, L., Phys. Rev. 99, 1831 (1955).
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