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ABSTRACT

Factors which determine performance of lithium-drifted semiconductor
radiation detectors, particularly lithium-drifted germanium detectors for
gamma-ray spectroscopy, are discussed in terms of general semiconductor
theory The analysis includes the effects of electronic noise and the
statistical effects of radiation-induced ionization and charge collection
in semiconductors.

The fabrication technique is discussed for obtaining small volume
planar Ge(Li) detectors and large volume (totally compensated) Ge(Li)
detectors using the lithium-ion drifting process. In the case of detectors
of the former type, devices have been fabricated with unusual operating
characteristics; excellent resolution has been obtained from such devices
at collection fields as low as 15 volts/mm. A new technique for treating
the exposed surfaces of Ge(Li) detectors by coating them with a layer of
CaF2 which both lowers detector leakage current and protects the surface
from exposure to the ambient is discussed.

An estimate of the IFano factor in germanium has been made using
Ge(Li) detectors. The value of F = 0.11 + 0.05 has been obtained, and
this result as well as previous ones is discussed in terms of the charge
collection efficiency of Ge(Li) detectors, the interaction of gamma-rays
with matter and the radiation-induced ionization process, and recent
theoretical predictions for the Fano factor.

The calibration and use of Ge(Li) detectors for gamma-ray spectroscoepy
is discussed. Detectors fabricated in this laboratory have been used as
gamma-ray spectrometers in high resolution nuclear decay studies.

56

In the study of the decay of C056 and Mn” "~ two previously unobserved

gamma-rays have been detected at energies of 3119 3 keV and 35908.7 keV;
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thesc new transitions result in placing of two levels in Fe56 at energies

of 3119.3 keV and 4445.3 keV which have been previously observed only
in nuclear reaction studies. The present study, which has included both
single Ge(Li) detector measurements and two-parameter coincidence
experiments using a Ge(Li) detector and NaI(Tl) detector, has confirmed
the existence of certain other energy levels in FQ56 and has provided added
information on spin and parity assignments to the levels.

The nuclear decay study of Ge66 has yielded new results for the
levels in Ga66. A gamma-ray of energy 536.9 keV has been detected
for the first time resulting in the placement of a new energy level in Ga66
of this energy. The previously reported gamma-ray of energy 185 ke V
has been resolved with Ge(Li) detectors into two transitions of energies
181.9 keV and 189.8 keV. The existence of a gamma-ray of energy 515.0
keV has been postulated; more precise values for the energies of the
other gamma -rays from the decay of Ge66 have been obtained and a
revised decayed scheme has been constructed.

The decay of Ga68 has been studied using Ge(Li) detectors and pre-

liminary gamma-ray data obtained.
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INTRODUCTION

The vse and utility of semicoaductor radiation detectors is now amply
documented in the literature. it evaluating tools available for nuclear
spectroscopic rescarch, one must consider at least three important
criteriac (I) the resolution i1 vnorgy obtainable with the system; the
better the resolution, the easicr it becomes to analyze complex spectra
accurately; (2) the time in whicn a meaningful amount of data can be
collected, which is of great importance in work on short-lived nuclei;
and (3) the detection efficicucy of the system, which places a lower
limit on the strength of the source which can be used, and which also
determines the elfects of background or noise on the experiment.

In general, semiconductor vadiation detectors represent a practical
balance among these factors and averall performance is as good or
better than most other available detection systems. Until very recently,
the low detection efficiency of Lithium=drifted germanium detectors for
gamma-radiation (as compared to scintillation devices) was their greatest
drawback. The development of large-volume Ge(Li) detectors. and the
use of several such devices in paralicl represent a step towards solving
this problem.

Particularly in the field of hivh resolution gamma~ray spectroscopy
using Ge(Li) detectors, the omptasis has recently turned from the
n

"revolutionary

aspects of thesc qdovices to a thorough study of the theo-
retical and operational charactc vistics of lithium-drifted detectors in
order to optimize their perfornunce atong with that of the associated
electronic equipment. Such phe conena as charge collection, surface
chemistry and physics, and charsact ristics of srarting materials are being
investigated in light of the above. There are, however, certain linntations

imhcerent in the gpaterials curvenity nsod for semiconductor radiation
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detectors. In germanium the relatively low Z presents problems in ef-
ficient detection of gamma-rays. The difficulties in producing single crystals
of germanium of sufficient size for high detection efficiency with the required
degree of perfection have not as yet been overcome. Also the requirement
for low temperature operation of Ge(Li) detectors limits the flexibility of
the system. Thus while optimization of Ge(Li) detector systems procecds,
work has begun to find other suitable materials for use as semiconductor
radiation detectors which might offer improved characteristics over present
systems. The possibility of using certain compound semiconductors is under
immediate investigation .1

It is the intent of this dissertation to examine specifically the lithium-
drifted germanium detector for high resolution gamma-ray spectroscopy in
terms of recent theory and experimental work undertaken to obtain optimum
performance from such detectors. Along with this are presented certain
nuclear decay studies which were performed using Ge(Li) detectors. In
some cases, comparison is drawn with previous studies performed with other
detection systems, namely crystal diffraction, internal- and external-
conversion studies with magnetic spectrometers, and scintillation spec-

trometers.



Part One

Lithium-Drifted Semiconductor

Radiation Detectors: Theory



CHAPTER 1

INTRODUCTORY THEORY

1. An understanding of the operation of devices such as lithium-drifted
germanium detectors must of necessity begin with a description of the
properties of the base material, germanium. However certain aspects of
the theory set forth to explain various processes in solid-state detectors
become more complex and of less certain validity as one proceeds from
describing relatively simple systems such as crystal conduction counters
to diffused-junction devices to thick, lithium-drifted p-i~n junction de-
tectors. Coupled to this is the fact that the interaction of gamma-radiation
with Ge(Li) detectors and the subsequent events which produce an eaternal
signal are more complex than the interaction of charged-particles or beta-

rays.

1.1 Properties of Semiconductors A semiconductor is an insulator in which

at thermal equilibrium some charge carriers are mobile.60 At absoluie

zero, a perfect, pure crystal of most semiconductors would be an insulator;
the characteristic semiconducting properties are usually brought about

by thermal agitation, impurities, lattice defects, or non-stoichiometric
composition. Conductivities of solids can be grouped into three categories at

5 1

-1 .
cm ), semiconductors

14 to 10'_22 ohm—1cm_1).

room temperature6o as follows: metals (10° ohm™

(102 to 10-_9 ohm—1cm_1), and insulators (10

1.1.1 Band Theory of Solids Under an applied electric field, conduction in

a crystalline solid can occur only if there is superimposed upon the random
motion of some of the electrons a component in the direction of the field.

If closely spaced electron energy levels exist in the material, the electrons
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can gain the increased energy required for the additional motion, but
because of the Pauli exclusion principle, electronic transitions to levels
of higher energy can occur only if such levels are unoccupied. 18
Consider the energy levels within a single crystal. If the exclusion
principle is not to be violated, i.e., if pairs of electrons are not to occupy
identical quantum states, the energy levels of the various electron shells
must be modified in some way. In the simplest case where two atoms of the
same element are in close proximity, each energy level splits into two levels
of slightly different energy, and the electrons which would have originally
occupied two identical quantum states in separate systems now occupy

121 In the case

two levels of slightly different energy in the same system.
of many atoms bound in a lattice array in a crystal, the atomic energy
levels are replaced by bands of closely-spaced energy levels. The total
number of states with a given principle quantum number n, however, re-
mains unchanged,")9 e.g., there are eight possible n = 2 states in an
atom (two 2s and six 2p states); if N atoms are brought together, there
will be exactly 8N states, even though there will be considerable alteration
of the energies of the individual levels. The spacing of these electronic
energy levels becomes small for large N, and there may exist gaps be-
tween bands of levels corresponding to different principal quantum number
n, the positions of the tops and bottoms of each band being independent
of the number of atoms N.47
Figure 1 illustrates the effect of close atomic spacing on the energy
levels of a metal of low atomic number such as sodium or magnesium. As
the interatomic distance R decreases, the well-defined electronic energy

levels of the isolated atoms are replaced by wide bands. The outer electron

shells are first affected, the innermost shells remaining isolated systems
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down to very small values of R. At Ro’ the observed lattice constant
under normal conditions of temperature and pressure, it is seen that the
3s and 3p bands have overlapped, thus electrons in the 3s band have
access to unfilled levels in the 3p band so that conduction can readily
occur.121

For solids which exhibit covalent binding, such as germanium, silicon,
diamond, and gray tin, the behavior of the electronic energy levels with
decreasing interatomic distance is illustrated in Figure 2, for germanium.
The splitting of the outer shells into bands of high and low energy is a
characteristic of covalently-bound solids,109 the upper branch corresponding
to antisymmetric or non-bonding states, and the lower to symmetric or

bonding states. At Ro the bands are seen to cross leaving an energy

gap Eg rather than to overlap as in the case of metallic binding.

1.1.2 Intrinsic Conductivity In certain substances, e.g., germanium and

silicon, the band structure is such that the uppermost filled band is sep-
arated from a higher empty band by a small energy gap Eg' The character
of the electronic band scheme leading to intrinsic conductivity is indicated
in Figure 3. The uppermost filled band, the valence band, is separated
from the conduction band by Eg' At 0°K the conduction band is empty

of electrons, and the conductivity is zero. As the temperature is increased,
the electrons are thermally excited from the valence band into the conduction
band leaving vacant states or holes in the valence band. Under an applied
electric field, both the electrons in the conduction band and the holes in

the valence band can contribute to the electrical conductivity, the relative
directions of the electron and hole currents and velocities with respect to

the applied field being shown in Figure 3. The intrinsic temperature range
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is that in which the electrical properties of a semiconductor are not
essentially modified by impurities in the crystal. At temperatures below
the intrinsic range, the electrical properties are controlled by impurities,
and we then speak of impurity or extrinsic conductivity.

. 101
The total conductivity ¢ can be approximated by:

o = (constant)exp(—Eg/2kT) (1-1)

where Eg is the value of the energy gap, k is the Boltzmann constant,
and T is the absolute temperature. Thus by raising any insulating solid
to a sufficiently high temperature (where chemically feasible) intrinsic
conductivity may be expected since a large energy gap may be overcome
by a large enough temperature to reduce the ratio Eg/2kT in the ex-
ponential in equation 1-1 .87
During the passage through the crystal of electrons and holes under an
applied field, an electron may fall back into the valence band by recombining
with a hole. An equilibrium is thus established due to the continual ther-
mal generation and recombination of electrons and holes.47 The law of
mass action can be applied to this equilibrium; the product of the electron
concentration n and hole concentration p is equal to an equilibrium

constant which depends only upon the temperature T for a given solid:60

op = 4(KT/n) (m _m,)> Zexp(-E,/ KT) (1-2)

where h is Planck's constant, m_ and m, =~ are the electron and hole

masses, respectively. At 3000K the value of np for germanium60 is
26 -6 . . . . .
5.7 x 10 cm . Inintrinsic semiconductors where the thermal excitation

of an electron from the valence band leaves behind a hole, n = p. Intro-

duction of a small amount of a suitable impurity into a crystal to increse n
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must decrease p since the product np is a constant as given in equation

1-2.

1.1.3 The Fermi Level Electrons obey Fermi-Dirac statistics; thus

the probability at a given temperature that a particular energy level E

will be occupied is given by the Fermi function f(E):

1
1+ exp(E - Ef)/kT (1-3)

t(E) =

where Ef is the Fermi energy or Fermi level. The general behavior
of the Fermi distribution function is shown in Figure 4 in which is plotted

f(E) vs E for T =0 and for T<< Ef/k' At 0°K f(E) =1 for E <Ef’

f47’ i.e., all electrons occupy the lowest energy

and f(E) =0 for E>E
states at 0°K. Thus at absolute zero, Ef is the energy associated with
the highest occupied state. At higher temperatures, the probability function
f(E) remains symmetric about Ef so that 1 - f(E) at an energy below

Ef of AE is equal to f(E) atAE above Ef; thus for T> 0, Ef is the
energy for which f(E) = 1.

At any temperature above zero, it is possible to determine E In an

£
intrinsic semiconductor, one hole (empty quantum state) is produced in the

valence band for each electron thermally excited to the conduction band, thus

the density of states is equal in both the conduction and valence bands,

and:

f(Eg) =1 - £(0). (1-4)

By substituting the explicit expressions for the f(E)‘ s from equation

1-3 into equation 1-4, one obtains:
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1 T=0
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T>0
0

E—> Ff

FIGURE 4: FERMI FACTOR f(E) vs ENERGY
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] 1= 1 _ expﬁ—Ef /le
1+ exp(Eg - Ef)/kT = 1+ exp(—-Ef/kT) 1+ expCEf/ET)

1 + exp(—Er/kT) = exp(—-Ef/kT)[exp(Eg - Er)/kT + 1]

1l

exp(Eg - 2Ef)/kT
E . =E /2 (1-5)
g

Thus we obtain the result that in an intrinsic semiconductor, the Fermi
level E_ is located midway between the top of the valence band and the

f
. 110
bottom of the conduction band.

1.1.4 Impurity Conductivity Of pertinent interest to a discussion of

semiconductor radiation detectors is the case of impurity semicondu :tors

in which electrical characteristics of the crystal can be altered drastic-
ally by the addition of certain foreign atoms in substitutional or inter-

stitial positions in the lattice. In a germanium crystal each atom has

four electrons available for bonding, resulting in an array of germanium
atoms each bound to four others by covalent bonds. Three-dimensionally,
each atom is bound to its neighbors in a tetrahedral configuration; however,
for the purposes of the present discussion, the lattice can be represented
as shown in Figure 5.

Figure 5(a) shows the situation which arises when an atom of an element
from Group V, such as arsenic, replaces a germanium atom. Four of the
five valence electrons in arsenic are shared with four adjacent germanium
atoms to form covalent bonds similar to those existing between germanium
atoms themselves. The fifth valence electron is not held in any chemical

bond, but moves in the Coulomb potential of the impurity arsenic substituent.
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~15=

Under an applied field, the extra electron may be removed to the conduction
band thus contributing to the electrical conductivity, and the energy re-
quired to excite the electron to the higher energy state is termed the im-
purity ionization energy. Such Group V impurity atoms are called "donors"
since they can donate electrons to the conduction band, and germanium
doped with a donor impurity is '"'n-type'" since n> p; thus the majority
charge carriers are negative electrons.

Lithium in germanium and silicon enters the lattice occupying an inter-
stitial position. The single 2s valence electron is easily ionized, and
the electrical consequences of interstitial donors such as lithium are
similar to those of the substitutional donors such as arsenic.

The replacement of a germanium atom in a crystal by an atom of an
element from Group IIl is illustrated in Figure S(b), for indium. The three
available valence electrons of an indium atom form covalent bonds with
three of four adjacent germanium atoms, but no electron is available to
complete the fourth bond. The trivalent impurities, then, can accept
electrons from the valence band leaving holes in the band. "Acceptor"
impurities are ionized by bringing an electron up from the valence band
(electron energy increases), and taking the hole into the valence band
(hole energy also increases); thus the problem is analogous to that in-
volving donor atoms. Germanium containing excess acceptor atoms is termed
"p-type' since p> n, and the majority charge carriers are positive holes.
No case of interstitial impurities which act as acceptors has been found.47

Since the product np is a constant at a given temperature from equation
1-2, one can see that if excess donor atoms are present and a sufficient
number are ionized, the concentration of holes is suppressed below the

intrinsic valuc. Similarly, excess ionized acceptors will suppress the
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electron concentration below the intrinsic value.

In anticipation of a more detailed discussion to follow later, impurity
"compensation" can occur in a suitably doped semiconductor. The effects
of donor ( or acceptor) impurities can be neutralized by the addition of
suitable concentrations of acceptor(or donor) atoms. Near perfect compen-
sation can be achieved in germanium and silicon such that portions of the
crystal take on the electrical characteristics of intrinsic material.

In general, the impurity semiconductor differs from the intrinsic type
because of the equal numbers of electrons and holes in the latter and an
unequal number in the former. Since no crystal is perfect (any macroscopic
crystal may be considered imperfect if only because of the presence of
its surface), the limit of intrinsic conductivity is never exactly reached.
The term is usually applied to the case in which the number of donor
and/or acceptor states is of negligible importance in determining the

. - 01
electrical characteristics of the crystal.1

1.1.5 Energy Levels of Impurity Atoms An estimate of the binding energy

of a donor impurity can be made by modifying the result of the Bohr theory
for an electron in atomic hydrogen to acccount for the dielectric constant

of the semiconductor and the effective mass of the electron in the periodic

60,110

potential of the crystal. The result obtained for one-electron

donors is that the level of the donor lies approximately 0.01 eV below the

. 47

bottom of the conduction band.
Figure 6 presents in schematic form some experimental values for

45,118

donor and acceptor ionization energies in germanium. The indicated

ionization energy (in eV) is that energy required to produce the ionic state
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shown, and is measured from the nearest band edge, i.e., bottom of the
conduction band for donors and top of the valence band for acceptors. The
results for the one-electron donors is in good agreement with the modified
hydrogen atom approximation above, and such impurity centers are often
termed "hydrogen-like."
The position of the Fermi level Ef is shifted by excess donor or acceptor

concentrations. For the case of excess donor impurity centers present,

Ef is shifted above its intrinsic value of Eg/2 by an amount depending

upon the ionized impurity concentration. Similarly for excess acceptors

present, Ef shifts below Eg/Z.HO

1.1.6 Properties of Germanium The following table summarizes certain

experimentally obtained values for the properties of germanium at room

teinperature and 77°K.

TABLE I: Properties of Germanium®

T (OK) E (eV) Electron Mobility Intrinsic Resistivity Dielectric
g (cmz/V—sec) (Q -cm) Constant
300 0.66 3800 47 15.7
7 0.75 23,000° 5 x 107

a) from ref. 121 unless otherwise noted; b) from ref. 91

1.2 Semiconductor Junctions It is possible to fabricate within a single

crystal of germanium or silicon regions of n- and p-type material having a
common internal boundary. Such "p-n junction'" devices can be used for
the detection of alpha~ and beta~radioactivity, examples being diffused

junction and metal-semiconductor surface-barrier detectors. Multiple
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junction devices may also be constructed having n-type, intrinsic, and
p-type material within a single crystal. Such "p-i-n junction'" detectors

of germanium are used in gamma-ray spectroscopy.

33,47,110,119

1.2.1 p-n Junctions In order to describe the characteristics

of p-i-n devices, it will be instructive first to examine p-n junctions.
Figure 7 presents an electron energy diagram of a p-n junction at equilibrium,
where electron energy is plotted against distance through the crystal.
The convention followed is that in a region of negative charge, the electrons
have higher energy than in a region of positive charge. If one considers the
Fermi energy Ef as the electrochemical potential or partial molar free
energy of an electron47 then when regions of p-type and n-type mate.ial
are brought into contact, their Fermi energies must be equal at equilibrium.
At equilibrium the conduction electrons contributed by the ionized
donors will be found chiefly in the n-region where the electrons neutralize
the space-charge of the donor ions, whereas holes contributed by acceptor
ions will be found chiefly in the p-region. Electrons and holes cannot
remain separated in this way unless an electric field exists in the junction
region, since the electrons and holes would intermix by diffusion in the
absence of such a field. If initially there is no electric field across the
junction, holes will diffuse in one direction leaving behind on one side of
the junction negatively charged acceptor ions, and electrons will diffuse
in the opposite direction leaving positively charged donor ions. This
initial diffusion of carriers will establish an electrostatic dipole layer at
the junction giving rise to a potential difference A E which opposes futher
flow across the junction.

Even in thermal equilibrium there will be a small flow of electrons J
nr
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from the n-region into the p-region, these electrons recombining with

holes. This flow will be balanced by the flow Jng of electrons thermally

generated in the p-region and which diffuse into the n—region.6o In the

condition of thermal equilibrium (V = O) , the recombination current of

electrons Jnr must be equal and opposite to the thermal generation electron

current Jng (otherwise electrons would pile up on one side of the barrier)
60

thus:

Jnr(o) + Jng(o) =0 (1-6)

as shown in Figure 7.

The current rectification action of a p-n junction can be demonstrated
assuming that nearly all of an applied voltage will appear across the tran-
sition region. Since the total carrier concentration n + p is a minimum
there due to the constancy of the np product as shown in equation 1-2,
this is a reasonable assumption.

If a reverse or back bias (n-side positive, p-side negative) is applied
toa p-n junction, the potential difference between the two regions is
increased as shown in Figure 8. The generation current of electrons is
not particularly affected by the reverse bias since the generation electrons

are flowing down across the potential anyway:

Jng(v reverse) = Jng(o) (1-7)

The recombination current is affected, however, since the increased
potential barrier will allow less electrons to flow across. The number of
electrons which can flow across the barrier is proportional to the Boltz-

mann factor, 101 thus:

Jnr(v reverse) = Jnr(O)exp(—e|V|/kT) (1-8)
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When a forward bias is applied, the recombination current increases
by the Boltzmann factor because the potential barrier is lowered below
the equilibrium height, enabling more electrons to flow from the n- to the

p-side:
J (V forward) =J (0)exple IVi/kT) (1-9)
nr nr

Again the generation current is unchanged:

= O -
Jng(v forward) Jng( ) (1-10)

The hole current flowing across the junction can be obtained in an
analogous manner to that for electrons since the applied voltage which
lowers the barrier height for electrons also lowers it for holes, so that
large numbers of holes flow from the p-region to the n-region under the
same conditions which produce large electron currents in the opposite
direction. The electrical current due to electrons and holes add, so that

the total electrical current I is given by:101

I-= Io[exp(ev/kT) -1] (1-11)

where Io is the sum of the two generation currents. Under forward bias
. . 60 . . . . .
(defined for positive eV) a p-n junction passes an exponentially increasing

current with increasing voltage,
I = Ioexp(eV/kT) (1-12)
and under reverse bias (negative eV) an essentially constant current:

I -I (1-13)

However, when sufficient bias has been applied such that charge carrier
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velocities become large enough to cause additional ionization in the solid,
the current will rapidly increase. This condition is termed "avalanche
breakdown. n110

Since under a reverse bias, the thermal generation current dominates
the recombination current (see equations 1-6, 1-7, and 1-—8), one would
expect that cooling a p~n junction will lead to reduced reverse current. It
is also observed101 that as the temperature is decreased, the ratio of

reverse to forward currents decreases, and thus the rectifying action in-

creases.

1.2.2 p-i-n Junctions As stated earlier, the lithium-drifted germanium

detectors used in gamma-ray spectroscopy have a p-i-n structure; with-
in a single crystal of germanium are well-defined regions of p-, "intrinsic,"
and n-type material. The so-called intrinsic region is actually compensated
semiconductor in which, by means to be discussed later, excess acceptor
atoms are in effect neutralized by an equal number of lithium donor atoms.
This region thus has few free charge carriers in comparison to the impurity
regions.

Operationally, the p-i-n diodes are similar to the p-n junction
devices discussed above, the region depleted of charge carriers in the
former being on the order of centimeters in maximum thickness while in
the latter, only tenths of millimeters maximum. 119 Figure 9(a) shows the
electron potentials for a p-i-n diode under reverse bias; the conventions
are the same as for the p-n junction shown in Figure 8 which may be used
for comparison; however, there is one important difference. The distance
scale (abscissa) in Figure 9(a) is many orders of magnitude greater than

in Figure 8. The potential gradient shown between the n- and p-regions
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across the i-region exists since there is charge in transit across the
compensated region due to thermal generation of carriers,79 and the
present representation is thought to be more accurate than that of Burford
and Verner14 which is shown in the inset of the figure.

It is instructive to examine in some detail the current flow in a reverse
biased p-i-n junction. Recalling that eV is negative for the case of
reverse bias and with reference to equation 1-11, the resulting current
Io may be expressed as the sum of two components similar to those in p-n

Junctions: the carrier diffusion current ID’ and the "depletion-region-

79

1"
generated current IDRG'

ID arises from the diffusion of minority
carriers into the junction regions, and for the case of a heavily-doped
n-region and lightly-doped p-region, this component of the current can be

79

written as:

=

Iy = q(niz/NA)(D/r) (1-14)

where n, is the intrinsic carrier concentration, NA the acceptor con-
centration, D the carrier diffusion coefficient, q the charge, and T
the carrier lifetime; the temperature dependence of ID arises from the

2
n. term.

i

IDRG arises from electrons and holes thermally generated in the

depletion region and swept out by the applied field. The value of this

component is given79 by:

IhRG = qniW/ZT (1-15)

where w is the width of the compensated region. In comparison to the

diffusion current, the magnitude of IDRG is governed by n, and w, and

is frequently larger in magnitude than ID.79
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There is another source of reverse current in p-i-n junctions (as
well as p-n devices), the surface leakage current IL' The magnitude
and behavior of IL are strongly dependent upon the surface chemistry and
physics of the diode and will be treated specifically in a later section.

As in the case of p-n junctions, almost all of an applied potential
occurs across the compensated region as shown in Figure 9(b), thus the
electric field can be written as V/w. At elevated temperatures, however,
the net space-charge of the mobile carriers results in a perturbation of
the electric field79 (dashed curve in Figure 9(b)). This effect is of
sufficient importance in the fabrication of p-i-n diodes by the lithium

drift method, that special effort must be taken to correct for imperfect

compensation of acceptors due to the space-charge generated current.
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CHAPTER 11

CHARACTERISTICS of p-i-n DETECTORS

2. One of the most important characteristics of lithium~drifted germanium
or Ge(Li) detectors for gamma-ray spectroscopy is their excellent energy
resolution. (The terms "resolution," "peak-width," and "line-width" as
used herein refer to the full width at half the maximum height, FWHM, in
keV of a gamma-ray peak in a pulse-height spectrum.) The radiation
detection process in solid-state detectors is essentially two-staged:
firstly, radiation interacts in a characteristic way with the detector material
to produce free charge carriers, and secondly, the charge must be collected,
i.e., swept out of the crystal for measurement by the external electronic
equipment. Both the charge production and collection processes are
subject to fluctuations which can broaden the line-width; other detector
characteristics such as excess leakage current which do not affect the
charge processes directly can also degrade the energy resolution through
noise contributions.

Thus the factors which result in less than optimum resolution for
Ge(Li) detectors can be discussed in terms of three general categories:
charge production, charge collection, and noise effects. Factors which
affect the first topic, charge production, are functions only of the detector
material, and the nature and energy of the incident radiation, and cannot be
manipulated. The latter two topics can be dependent upon fabrication technique,
amd some improvemeqt in charge collection and noise can be achieved by

proper treatment of the detector.
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2.1 Production of Charge In discussing radiation-induced ionization in

semiconductors, one needs to differentiate between the interactions of
gamma-rays and of densely ionizing radiations with the detection
medium. A densely ionizing particle is brought to rest within the medium
relatively rapidly in 10_12 to 10--11 seconds, losing almost all its energy
in the production of low energy electrons by impact ionization. Gamma-rays
produce at each interaction energetic electrons, by processes which will
be detailed later, which may then be considered in the same way as a
primary bombarding particle, though not originating at the surface of

the detector. 31 The secondary electrons, in turn, lose their energy
very rapidly by further impact ionization until they are of insufficient
kinetic energy to produce electron-hole pairs.

We now define two quantities used in describing radiation~-induced
ionization in semiconductors. The radiation-ionization energy ¢ is
the average energy given up by the incident radiation in the process of
generating a single electron-hole pair.61 The minimum energy required
for pair production by impact ionization of valence electrons in the semi-
conductor by incident radiation is the ionization threshold energy Ei , and
has been shown24 to be approximately equal to 1, SEg (the band gap) for a
variety of elemental and compound semiconductors.

Klein61 in deriving the relationship between band gap and radiation-
ionization energy develops a qualitative picture of the various loss processes
in ionization induced by radiation in semiconductors. The basis for the
phenomenological approach is the treatment of each electron~hole pair
as the result of some "elementary process" which does not involve the

actual physics of the interaction between the medium and radiation. The
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average energy for producing an electron-hole pair can be written as
e =B, (Wp (2-1)

where <WL> represents energy spent for purposes other than ionization,
i.e., lost to the lattice. Data on yield of pairs, which will be discussed
later, indicate that these losses play a considerable role, and thus the
process of phonon generation in the solid in the course of pair production
and thermalization must be accounted for in accordance with the data.
Klein's model61 considers loss phenomena to occur in two consecutive
steps: firstly, the kinétic energy released into the system creates a non-
equilibrium distribution of mobile carriers by inducing transitions from
the valence band into the conduction band; this phase is completed almost
instantaneously although it is probable that impact ionization competes
with phonon generation. The second phase involves the thermalization,
or transferring of excess kinetic energy to the lattice, a process which
develops essentially after termination of the carrier generation-multipli-
cation "cascade. n94 Figure 10 is intended to be a schematic representation
of the relevant events. The loss term (WL> includes a contribution due

to "optical" phonons in addition to one due to thermalization losses:

W) = Ep) + € (2-2)

where the phonon loss term <ER> reflects the observation61 that charge
carriers of pair-producing impacts are coupled to optical modes and may
emit Raman phonons. Thermalization losses (EK) arise from the fact
that the culmination of the energy loss process in solids is the production of

secondaries incapable of producing further ionization, and thus must convert
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their residual energy into lattice vibrations.

28,54

2.1.1 Interaction of Gamma-rays with Matter We now wish to outline

the three major interactions of gamma-rays with matter which produce the
primary ionizing particles. The processes with which we shall be concerned
are the photoelectric effect, Compton scattering, and positron-electron
pair production.

a) Photoelectric effect: In this type of interaction, the incident photon
causes an electron to be ejected from one of the atomic shells, the K-shell
contributing most since absorption increases with increasing electron binding.

The energy of the ejected photoelectron Ee is given by
E -E -E (2-3)

where EY is the energy of the incident photon and l‘?b the binding energy
of the electron. From Figure 11, in which the mass attenuation coefficients 20
of germanium for the three major gamma-ray interactions are plotted vs
gamma-ray energy, it can be seen that below about 0.15 MeV, the photo-
electric interaction is dominant. For a constant Z, the angle of emission
of a photoelectron shifts to the forward direction with increasing gamma-ray
energy, e.g., the half-angle of the cone within which one-half of all the
photoelectrons appear (the bipartition angle) varies from 90° for the
limiting case of E v = 0 to 10° for EY =6 MeV.S4

b) Compton scattering: This interaction is generally defineds4 as
the jnelastic incoherent scattering of photons by atomic electrons. The
process results in a scattered photon of energy E\'/ at an angle 8 to

the incident photon and an clectron of energy Ee at an angle of ¢.

The kinetic energies of the Compton scattered photon and electron are
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dependent on the scattering angle, and are given by the following for the

photon and electron, respectively:54

E

. '
E'Y "1 +q (1 - cosB)

(2-4)

Bo=By-K = 1_]31&3(11:_—&20959%2 (2-5)
where o = Ey/mocz. As seen in Figure 11, the Compton interaction
is dominant between about 0.15 and 8 MeV.,
c) Pair Production: At incident photon energies greater than 2moC2 =
1.022 MeV, the production of electron-positron pairs can be initiated in
the Coulomb field of the nucleus of the absorber. The kinetic energy of

the pair EL is given by:

+ 2
E-= EY - 2moc (2—6)

The subsequent annihilation of the positron results in two photons each
of energy m002 = 0.511 MeV which may interact further with the atoms
in the absorber by processes a) and b) or escape the crystal. Figure 11
shows that the pair production process does not become dominant until
photon energies exceed about 8 MeV.
With respect to the radiation-induced ionization process in a solid,
the three major interaction processes of gamma-rays with matter result
in high energy electrons originating within the solid which may be treated

as primary ionizing particles.

2.1.2 Statistics of Charge Production The average energy expended in
producing an electron-hole pair € in germanium is 2.98 e\/’,3 and is

larger than the forbidden gap energy Eg because, in the impact ionization
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process by which the primary energetic electrons lose energy, some energy
is lost in heating the crystal lattice. This division of energy between
ionization and phonon production results in statistical fluctuations in
the number of ion pairs produced by photons of a given energy.

The average number of ion pairs N produced by radiation of

energy kK is given by
N =E/e (2-7)

If each ionization event were independent and N were large, the sta-
tistical fluctuation in N would be just fN_ Fano41 showed, however,
that the ionization events are not completely independent since the primary
particle has to lose exactly its initial kinetic energy during the slowing
down process. The Fano factor F is thus defined as the ratio of the

. 15,30
variance in the yield of ion pairs to that yield: ~’

F = (o) ‘-/N (2_8)

It will also be convenient to define at this time the energy resolution of a
semiconductor radiation detector in terms of the following: the energy of
radiation which will produce a charge equivalent to the standard deviation

is given by
oe /e =/ EeF (2-9)

and this is related to the energy resolution in keV (FWHM) as obtained

from a pulse-height spectrum by

FWHM = 2.355,/E¢F (2-10)

Thus a knowledge of the magnitude of F in germanium will yield information
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as to the ultimate resolution of Ge(Li) detectors. Also any theory which
attempts to explain the ionization process in semiconductors must success-
fully account for the Fano factor, and experimental measurements of F
could yield insight into the ionization process.

Bilger and Mann1o proposed a simple interpretation of the Fano factor
in terms of Fano's original statistical theory for gases, assuming that only
the final ionization dominates, where an electron jumps from the ground
state to some level in a band above the ground state. This yields an estimate
of the lower limit of F of approximately 0.04.

There are at present two theories which attempt to explain ionization
processes in semiconductors and which take into account the role of phonon
losses. The most recent is due to Klein61 in which a theoretical relationship
is derived between the Fano factor F and two dimensionless parameters,

Y, the radiation-ionization efficiency, and K, the relative phonon loss,

where

Y = Eg/e and K= (Ep) /Eg. (2-11)

Evaluating F in terms of Shockley's original pair production mode12’ 107

Klein obtains the following:

2

F = (K2 +0.315)Y° (2-12)

which shows61 that residual energy fluctuations control the statistical
behavior of K2S ~ 0.3, though Fano factor variations are entirely de-
termined by the relative importance of optical phonon losses. Figure 12
presents Klein's results of the dependence of the ionization efficiency Y
and Fano factor F on the relative amount of phonon loss K. For the case

of interest, germanium at 77OK, Y = 0.25 using equation 2-11 and
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Eg =0.75 eV with € =2.98 eV. For Y =0.25, Figure 12 yields a theoreti-
cal value for F of 0.11.

Van Roosbroeck123 proposed a statistical model of the ionization process
independent of the details of the actual physics involved. The model is
described in terms of the "crazy carpentry" problem in which the energy
of a primary particle is partitioned in the following manner. Let us visualize
that the energy of the incident particle is represented by a board of length
L in units of the ionization threshold Ei (see Figure 13). A small piece
is cut off the right-hand end with probability r, representing the genera-
tion of an optical phonon. Length unity (El) is removed from the right-hand
end with probability 1-r representing yield of a secondary, and a rar-lom
cut is made (at x). The right hand portion, the secondary remainder,
represents the energy of the secondary, and in the simplest assumption,
is divided in equal portions representing equal energies for the secondary
electron and hole. These two portions as well as the part labelled "primary
remainder" are again subjected to the partitioning process as above as
long as lengths greater that Ei are available. Portions of secondary
remainders which are of length less that Ei thus represent secondaries
incapable of producing further ionization. For particles of large incident
energy (1ength L), this waste is negligible in the initial stages and becomes
appreciable only when the remainders are only a few units of Ei in length .
It is this constraint at the end of the ionization process, where many
Secondaries are produced which cannot initiate further ionization, which
largely determines the Fano factor.

Van Roosbroeck defines the following terms (upon which Klein's were

based) for efficiency and phonon loss, respectively:
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Y = Ei/ ¢ and K = NER/Ei (2-13)

For germanium at 77OK, a value of F = 0.32 is obtained. It should be
noted that the crazy carpentry model1 23 requires Ei = Eg rather than

the experimentally accepted E. =1 .5Eg Thus the crazy carpentry

model would seem to be less acceptable than the model proposed by Klein.61

2.2 Effects of Charge Collection The adverse effects of incomplete

charge collection on semiconductor detector resolution can be examined

by considering two factors, carrier recombination and trapping. We can
define trapping1 18 as the removal of a carrier from its condition of mobility
to a localized level within the band gap, such a level being termed a "trap"
regardless of its other possible functions, e.g., as a donor or acceptor.
At equilibrium, the trapping rate for each type of carrier is equal to a
"release rate." Within the above definition, the recombination-generation
process at localized levels might also be termed trapping. The direct
recombination-generation process, i.e., directly between the valence

and conduction bands, is of negligible importance in impure semiconductors. 118

2.2.1 Plasma Recombination For densely ionizing radiations, charge

carriers may be lost through direct electron-hole recombination in the
plasma surrounding the ionization track, especially if there is insufficient
collection field to rapidly separate the carriers. For gamma-rays, which
are not ionizing like charged particles, plasma recombination
has been found to be insignificant in semiconductor detectors under normal

. o 81,82
Operating conditions.

2.2.2 Carrier Trapping The problem of charge carrier trapping and its

effects on detector resolution has been described by Day, et.al. ,29 for a
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planar p-i-n detector. For an electrode separation w, a uniform
electric field E = V/w, and assuming uniform charge production through-
out the volume of the detector by gamma-rays, it is shown that the total

charge pulse due to electrons is:
- N e()\ /W _ )\ 2/W2 _9\ 2/W2 e—W/)\.n) (2_14)
Ay = Yo% 0 n n

where N is the average number of electrons produced in the detector
o
by a gamma-ray, e is the electron charge, andA n is the drift length

. . 23
of an electron before trapping, defined™ ™ as:
A, =M TE (2-15)

where n is the electron mobility, T is the electron lifetime, and E
is the electric field.
By symmetry, Day, et.al. ,29 show that the pulse due to the collection

of both electrons and holes is:

= 2 2. 2 2 -w/\ 2 -w/)
q:Noe/w [()\n+)\p)w-()\n A )+)\n e n e ) (2-16)
Assuming Ay = >‘p =) , equation 2-16 becomes:
7= 2N e(n/w)wi -1+ ™) (2-17)

which shows the dependence of (—1 (hence ‘n) on A (see Fig. 14).
The charge collection efficiency  can be thus defined as the ratio

of the charge collected in the external circuit a to the charge liberated

in the detector Noe:

n=aq/N_e (2-18)

Equation 2-17 can then be written in terms of m by substitution of equation

2-18 into 2-17:
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no= 20 /W) wh -1+ S (2-19)

It can be seen that in order to maximize charge collection, A should be
much greater than w, i.e., the average distance a carrier traverses
before being trapped should greatly exceed the distance between the detector
electrodes if the charge is to be collected completely. For the case of
interest, A> w, the exponential term in equation 2-19 can be expanded,

and the collection efficiency becomes
N w1 W/3A (2-20)

Figure 14 shows the calculated effect on m by variation of the trapping

length parameter A\ /w. 29

If the carrier trapping length is an order of
magnitude greater than the compensated thickness w of the detector, n
will be greater than 0.97.

For gamma-rays impinging on p-i-n detectors, incomplete charge
collection can cause line broadening in two ways. One is that carrier
drift lengths may fluctuate about a mean, and the other is collection of
carrier« traversing different distances in the sensitive volume of the
detector. The greatest fluctuation occurs whenion pairs are created
at randomly distributed positions. 29,32

The first factor, fluctuation of carrier drift lengths, has been shown
to be negligib1e88 since in all detectors of practical interest (A>> w),
almost all carriers reach the electrodes. The second, geometrical factor,
is important; the standard deviation ¢ in pulse height due to this effect
15:32

o 2o - @° (2-21)

w
g+ ap) X (a)

i
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where q and ¢  represcat the charge due 1o electrons and holes, respec-
n p
. 29 . . .
tively. Day, et. al., have computed values of g over ranges of )
n

and ) , the minimum values of ¢ being found to occur ncar A 0 by b as
p

1S expected on grounds of symmetry. Figure 15 shows the results plotted
1n terms of the percent resolution 1.000,/q vs A/w flor o

As A becomes small., the results will approximate the condition where no

carriers reach the electrodes, and where ¢ - A/NO~

2.3 Detector Noise The third factor affecting detector resolution aside

from the statistical effects of charge produclion and collection, 1s the
electrical noise generated 1n the detector. The sources of this noise are
bulk leakage current, charge injection {rom non-ohmic contacts, and surface
leakage currents. Of these three general sources of electronic noise, the
excess current generated through detector surface imperfections are the
most common and troublesome; however, the chemical state of the exposed
semiconductior surface formed during {inal fabrication steps 1s amenable

to various surface treatments which lower excess current with varying
degrees of success. We can thus examine sources of electrical noise in
p-i-n detectors with particular atiention to those sources which can be

minimized in some way in order to obtain optimum detector performance.,

2.3.1 Bulk Generated Leakage Current Electrical noise generated within

the bulk of a semiconductor detector arises fundamentally because the
crystal is not a perfect dielectric and contains charge carriers in thermal
equilibrium with the lattice. This type of noise may be clas=ified inro 140

categories: thermal noise and current noise.

a) Thermal Noise: A convenient quantity for measuring the therral
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noise contribution is the energy Wp of a particle necessary to produce
a signal equivalent to the voltage fluctuation at the detector electrodes due to

2
the thermal current:”~

1
Wp = ( ;;;/e)(kTC) 2 keV (2-22)

where T is the absolute temperature and C 1s the detector capacitance in
o
picofarads (pf)u For a Ge(Li) detector operating at 77 K and ¢ = 2.98 eV,

1
wp - 0.6C2 (2-23)

Thus for a typical detector capacitance C = 10 pf, Wp = 1.8 keV. The
detector line width resulting from a particle of energy 1.8 keV is approx-
imately 0.17 keV (FWHM) using equation 2-10 and the maximum value for the
Fano factor, FF = 1. Generally, then, the thermal noise contribution to line
width for cooled Ge(Li) detectors is negligible for common values of detector
capacitance, being less than the noise contribution of the best preamplifiers
in use at present.

b) Current noise: When an electric field is applied to a detector, ad-
ditional sources of noise arise; the resulting current is made up of discrete
movements of charge carriers which may be trapped or thermally generated
within the crystal. Any process which interrupts the movement of the electrons
and holes introduces statistical fluctuations in the detector leakage current,

29,32 T )
wo components of current

and can contribute measurably to line width.
noise are "shot noise" which 15 introduced because of the lack of correlation

between carriers traversing the same path in aun eicctric field, and "gencratico.
recombination noise' which arises through the random breaking-up of individ.:

carrier trajectories 1into separate parts due to trapping and release.

. 8 ,
Northrop and Slmpson8 have shown that the standard deviation in line
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width &4 W due to these related phenomena 1s of the order

{
LW e (N 2) (L) (2-1)

whore Noois the total number of charge carriers within the sensitive
L

volume of the detector. t 1s the amplifier time constant, and tr 1s the
C .

carrier tranvit time, i.c¢., the tine reqguirved for a carricr to traverse the

distance between the region where 1t originates and an clectrode.  For o

: 3 - . ey
typical planar Ge(L) detector of 2 em” sensitive volume operating at 77 K

Y

bl i : _L)
AW - 300 eV, for N a 5 x 107 (z,m:lmnng a reverse current ol 10 amp-~),
C

- -6 29 .. .
t - 3.x10 8 sec. and t 10  sec. This corresponds to a FWHM,
T C
resolution contribution of 2.355 x 0.3 keV or approximately 0.7 keV “WHM,
which would just about be measurable with some of the ficld-effect transistor
~ “ e M - r -8
(F ET) preamplifiers currently in use. Il the reversce current were 10
e
amps, the noise contribution would be almost 2 keV FWHM thus leakage

Y : .
currents on the order of 10 amps or less must be achieved if the detector

noise due Lo currenl sources doe .~ not dominate other contributions.

2.3.2 Noise Due to Poor Electricai Contacts The electrical contacts

made to the n- and p-sides of a p-i-n detector must be ohmic, i.e., there
must be no potential drop acros= the Junction of the electrode and the semi-
conductor surface, and the concentration of charge carriers must not be
modified anywhere in the detecter due to the elecirode~ under the appli--

Rl

32 - ‘
cation of an electric field. Most metal- will form with n-type germanian .
v . - N vy
contacts which are rectifying, the only known exception beiag antimon,, .
The gold-n-type =1licon or germanium ~urface barrier detector o hich pas

the same characteri=tic- a-~ a poa junction, Is an example of a device in

which a mcetal rectifying contact 1~ desirable. I however, such a junction
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were to be formed on the n-side of a p-i-n detector yielding a p-i~n-p
configuration, reverse-biasing of the device would result in injection of
charge in the forward biased metal-n-type germanium junction. The affects
of excess current were discussed in the preceeding section; however,
degradation of resolution due to poor contacts is rarely encountered in
Ge(Li) detector fabrication if the n- and p- surfaces are degenerate, i.e.
of very high conductivity. The procedure used49 is to diffuse into the n-
and p- type surfaces lithium and a suitable acceptor impurity, respectively,
and lap or etch the surface until very low resistivities are obtained.

Thus there is obtained a graded transistion between the metal contact and
high resistivity compensated region of the device which permits the irtro-
duction and withdrawal of a continuous flow of current. The configuration

+ +
of such a device could be termed p -p-1-n-n

2.3.3 Surface Generated Noise A third and apparently major source of

noise in Ge(Li) detectors is the so-called "excess' noise associated with
the final chemical treatment of the crystal surface. The surface of a finite
Semiconductor crystal represents an abrupt termination of the periodicity
of the crystal lattice. The different environment of the topmost atomic layers
as compared to that of the layers in the bulk usually gives rise to a re-
arrangement of the surface atoms. The special position of such outer atoms
and the unsaturated bonds associated with them promote a strong interaction
with various species in the surrounding media.

The most important effect of the lattice discontinuity on the electrical
processes at the surface arises from the presence of "surface states"
and their interaction with an underlying space-charge region. In contrast

to the situation in the bulk where a valence electron belongs to the entire
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crystal, "surface states'" can appear at the surface where an electron
may be localized in an atomic 1ayer.78
In the absence of surface states, the energy bands of a semiconductor
continue straight up to the surface provided there is no external field.
When, for example, acceptor-like surface states are introduced below the
Fermi level, they will not be in equilibrium with the energy bands as long
as they remain unoccupied.77 This situation is illustrated in Figure 16(a)
where acceptor-like surface states have been introduced at an energy level
Et in an n-type semiconductor. Since these states are empty and below the
Fermi level Ef, some of the electrons in the conduction band fall into
them. In this process, the surface becomes negatively charged while a
positive space-charge layer forms below it. Consequently, the energy
bands at the surface bend upwards with respect to the Fermi level. The
process of charge transfer continues until equilibrium is reached, as shown
in Figure 16(b). In the particular case shown, the surface states at thermal
equilibrium are somewhat above the Fermi level and so are only partially
filled. The actual position of the surfacé states with respect to the Fermi
level is determined by the condition that the positive charge in the space-
charge region just balances the negative equilibrium charge in the surface

77

states. Thus the larger the surface state density, the higher the bend-
ing of the bands at the surface. The situation for donor-like surface states
placed above the Fermi level is completely analogous.

Once a space-charge region exists at the surface 1in a given semiconductor,
its chafacteristics are uniquely determined by the height of the potential

barrier at the surface proper.77 The potential ¢ 1is defined by the

equation:
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FIGURE 16: ENERGY LEVEL DIAGRAM FOR AN n-TYPE

SEMICONDUCTOR WITH DeNeR LIKE SURFACE STATES,

(a) IMMEDIATELY AFTER INTRODUCTION OF THE SUR-

FACE STATES, AND (b) AFTER THERMAL EQUILIBRIUM
HAS BEEN REACHED.



o= E - E, (2-25)

where E. is paraliel to the valence and conduction band e¢dges and in
1
the bulk coincides with the intrinsic Fermi level (Figure 17) The value
of & 1in the bulk is called the bulk potential Qb and 1ts value at the
59

surface, the surface potential ‘I>S The potential barrier V 1is defined

as:’
Veé-2 (2-26)

and represents the potential at any point in the space-charge region with
respect to its value in the bulk. In particular the barrier height VS -
QS % is the total potential difference between the surface and the bulk.77
When the majority carrier density in the space-charge region is greater
than in the bulk, the space-~charge region 1s termed an accumulation layer,
VS =@ - < 0; when VS = @S - ®b> 0, we have an inversion layer.
Figure 17(a) illustrates the various parameters used to characterize the
space-charge region for a p-type semiconductor with an accumulation layer

¥

and in (b), with an inversion layer.

7G,71 :
U, and Monteithgb

In studies on thick p~i~n silicon detectors, Llacer
found that the leakage current due to surface effects results in two main
sources of noise: a) surface generation of carriers with characteristics
similar to shot noise, and b) surface breakdown which haz 1ts onset at

0,71
70,7 has propoted a model for the

higher biases than source a). Llacer
origin of leakage current due to surface generation in silicon p-i-n diodes
in which an n-type surface inversion layer extends from the boundary

of the n-region 1n the bulk across the surface of the i-region to the boundary

of the p-region of the bulk. The highest fields between the surface and

the bulk are at the junction of the n-type 1nversion layer and p-type bulk
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(b)

FIGURE 17: ENERGY LEVEL DIAGRAM INDICATING THE VARIOUS
ENERGY PARAMETERS USED TO CHARACTERIZE THE SPACE-
CHARGE REGION FOR A p-TYPE SEMICONDUCTOR WITH (a) AN
ACCUMULATION LAYER, AND (b) AN INVERSION LAYER.
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material. This may be illustrated schematically in Figure 18, in which a
plot of potential vs distance through the bulk of a p-i-n diode is shown.
The dotted lines plot the surface potential vs distance when the n-type
surface inversion layer exists; the large potential drop near the surface

of the p-region is shown and is expected to result in low breakdown voltage.7o' A
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FIGURE 18: ELECTRON ENERGY vs DISTANCE x THROUGH
A p-i-n JUNCTION DEVICE. DASHED LINES REPRESENT THE
ELECTRON POTENTIAL AT THE SURFACE DUE TO THE PRE-
SENCE OF AN n-TYPE INVERSION LAYER.
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Part Two

Fabrication of Lithium-Drifted

Germanium Radiation Detectors: Experiment
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CHAPTER III

EXPERIMENTAL TECHNIQUE

3. During the course of the present work, planar Ge(Li) detectors of
from less than 1 cm3 to 8 cm3 in active volume were fabricated. Two
fabrication techniques have been used which differed essentially in the
lithium-drifting procedure: small-volume devices were made using a

process based upon the method outlined by Tavenda1e103’ 114

and large-
volume (totally compensated) detectors were fabricated using the AC-drift
method of Jamini. b6
. . . . 112 52
Germanium ingots from two suppliers, Sylvania and Hoboken

were used, and the following table lists the specifications of each ingot

(as supplied by the manufacturer).

TABLE II: Specifications of p-type Germanium

Ingots

Ingot Sylvania Sylvania Hoboken

#597G-6 #564G-1 #71D
Type Horizontal Ga Horizontal Ga Vertical In
Cross~section 3.5x 2.5 cm 3.5 x 2.5 cm 3.5 - 4 cm diam.
Resistivity 11 -16.5 Q-cm 12.9 - 15.5Q-cm 35 - 37 -cm
Dislocations 1600-19oo/om2 21oo-2zoo/om2 800/om2
Lifetime 100 | sec 100 pusec 650 sec
Orientation (111) (111) (111) + 51"

Date of
Purchase 8/65 8/65 5/67
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In this chapter, the Ge(Li) detector fabrication process based on Taven-

103,114

dale's DC-drift procedure will be detailed, followed by a descrip-

tion of the AC-drift method56 where it differs from the former process.

3.1 DC-Drift The name of this procedure is derived from the use of a
DC electric field to cause thermally diffused lithium atoms to drift, in a
controlled manner, into the bulk of the germanium crystal as lithium ions.
In the present work, lithium diffused into one face of a germanium crystal
was drifted towards the opposite face for a certain distance so that a
planar device resulted having the required p~i~n configuration: an n-type
region due to the presence of excess lithium (donor) atoms, an "intrinsic"
region where lithium donors have compensated the acceptor impurities,
and a p-type region (the original p-type material). It is also possible to
fabricate so-called "coaxial" Ge(Li) detectors in which lithium is drifted
from the entire outer surface of a cylindrical crystal towards the center,
leaving a core of original p-type material surrounded by a cylinder of
compensated material and an outer layer of n-type germanium; this detector
configuration was not investigated in the present work and will not be

discussed further.

3.1.1 Sawing and Lapping The germanium ingot as received from the

supplier was mounted on an unglazed porcelain plate with a cement con-
sisting of equal parts by weight of rosin and beeswax, heated to a syrupy
consistency. When cooled to room temperature, the cement provided a
firm yet slightly flexible bond between the ingot and mounting plate.

The ingot and mounting plate were clamped tightly in a vise which
was magnetically held on the bed of a grinding machine upon which the

. 8 . .
diamond cutting-wheel Y was mounted. Slices of germanium of the required
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thickness were cut from the single~crystal ingot with the diamond wheel
rotating at approximately 3500 rpm; cuts of approximately 0.002-0.005"
in depth were made at a single passage of the cutting wheel to lessen the
chance of mechanical damage to the crystal. After cutting, the germanium
slices were removed from the mounting plate by heating the cement until
the slices could be pulled free. Excess cement was removed from the
crystal with a razor blade.

In order to remove saw marks and other imperfections, the germanium
crystal was lapped using a thin paste of #600 grit silicon carbide in water
on a flat glass plate. A minimum amount of pressure was used on the
crystal during lapping to insure a flat, even finish. Abrasive residue
and germanium particles were removed from the crystal by washing in

de-ionized, distilled water with ultrasonic agitation and decantation.

3.1.2 Lithium Diffusion A thin coating of a lithium-in-oil :suspension69

was applied to one face of the crystal which was then heated under an argon
atmosphere to 250°C for approximately 20 minutes in order to remove
the oil. The temperature was then raised to 400°C for 10 minutes re-
sulting in a thermal diffusion of lithium atoms into the germanium to a
depth of several hundred microns. The crystal was then cooled fairly
rapidly (over a period of 1 - 2 hours), under argon, in order to minimize
the reprecipitation of the dissolved lithium.

In the absence of acceptor impurities, lithium has a maximum solubility

96

. . 13 3
in germanium of 6.6 x 10 ~/em” at 300°K. The presence of acceptors
increases the room temperature solubility, due to ion pairing; however,

the relationship between acceptor concentration and lithium solubility

is such that it is impossible to permanently maintain enough ionized
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lithium in the lattice to convert the germanium to n-type under equilibrium
conditions at room temperature unless the acceptor concentration is less

7 4
than about 5 x 1014/cm3. 9

It is, of course, possible for germanium to
be supersaturated with lithium and remain n-type for fairly long periods
of time even in the presence of large acceptor concentrations.49 The
time-constant associated with precipitation of super-saturated lithium

in germanium is influenced by the degree of super-saturation, the time
and temperature of saturation, and by the presence of certain impurities.
Carter and Swalin18 have shown that oxygen and lattice defects will accelerate
lithium precipitation, while copper will retard it. They have also shown
that copper (an interstitial impurity in germanium) will precipitate more
readily in traps than will lithium, in effect lowering the cross-section of
a trap for lithium precipitation. Thus a preliminary diffusion of copper

1 L C
’ to minimize precipitation effects

has been suggested by some workers1
in fabricating Ge(Li) detectors. The germanium used in the present werk
which had the lowest resistivity (i.e., the maximum acceptor concentration)
of the three samples was Sylvania ingot #597G-6, 11-16.5Q0 -cm. From
available data on acceptor impurity concentration as a function of resis-
tivity in germanium,26’ 124 the acceptor concentration for a sample of

11 Q-cm is approximately 3 x 1014/cm3. Thus one would not expect lithium
precipitation to be a major problem in the samples used in the present
work, since this concentration is below the 5 x 1014/Cm3 limit discussed
above. This probably explains the result we have obtained, in agreement

17,51 that a diffusion of copper prior to the lithium diffusion

with others
made no noticable difference in ease of detector fabrication.

After the crystal was at room temperature, the excess lithium still

remaining on its surface was removed 1in 95% ethanol. The edges were
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lapped to remove any lithium which might have run onto an edge during
the diffusion process; the faces were also lightly lapped. Electroless
nickel contacts were then applied to the crystal using the method of Sullivan

and Eigler. H

3.1.3 Etching Following a lapping operation the surface of any sample
will be damaged to some extent resulting in poor electrical Characteristics;go
therefore, the crystal must be etched in order to remove the damaged
surface layer and to obtain a clean surface. (N.B. Strictly speaking, a
"clean" semiconductor surface can only be obtained with considerable
care and effort, e.g., by cleavage of the crystal under ultra-high vacuum
or ion-bombardment. Under normal experimental conditons one obtains a
"real" surface; therefore, the designation "clean'" in the present work
is to be taken to mean "free from whatever sullies or defiles; pure;
unsoiled"1 26 in order to avoid the use of the term "real clean.")

All of the acid based etchants for germanium and silicon contain at
least two major components, an acid in which the oxide of the semiconductor
is soluble, and an oxidizing agent capable of re-oxidizing the surface in
a uniform manner. For germanium the acid is always HF and the oxidiz-

ing agent HNO_ or, less frequently, H202. To a mixture of varying

3
proportions of these components may be added other chemicals to control
the rate of chemical attack, such as acetic acid which retards the reaction

rate, or bromine to accelerate it. The chemical reactions involved (in

the ideal situation) are:
+ —
Ge + 4H™ + 4NO,~ = Geon, + 4N02f + 2H,O

GeO, + 4HF = Ge™ + 2H,0 + 4F~
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In the experimentally obtained surface, the oxide is undoubtedly of the
form Ger , and the non-stoichiometric composition of the oxide layer
contributes to the surface problems.

In the present work, the nickel contacts were masked with acid-resistant
tape,85 and the crystal etched in a 2:1 volume mixture of concentrated
HNO3 and 48% HF for 3 minutes with constant agitation to insure contact
of fresh solution with the crystal. The etch was "quenched," 1i.e., diluted
slowly with de-ionized distilled water (> 25 MQ-cm resistivity), partially
decanted, and diluted again until the wash is neutral to indicator paper.
The tape masks were removed under water, and the crystal rinsed to re-
move any material left by the tape. This was followed by a 15 minute ultra-

sonic wash in de-ionized distilled water; the crystal was dried in a jet

of dry nitrogen gas.

3.1.4 Lithium-ion Drift The process used to produce thick compensated

regions in germanium is due to Pell92 in which p-type starting material is
compensated with lithium donor ions. After thermal diffusion of lithium
into the p-type starting material assumed to have a uniform concentration
of ionized acceptors NA’ a p-n junction is produced near the surface.
Figure 19(a) shows the concentration gradient of lithium donor ions
after the diffusion; impurity atom concentrations are plotted vs distance
from the surface into the crystal. The p-n junction interface is at x = ¢
where the concentration of ionized acceptors NA is equal to the con-
centration of ionized donors ND.

If the junction is then reverse-biased at an elevated temperature (to

increase the lithium mobility), lithium ions will, under the influence of

the applied field, drift from the donor rich region x<c to ¥ c. ND cannot
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FIGURE 19: CONCENTRATION OF LITHIUM DONOR
ATOMS vs DISTANCE FROM THE SURFACE OF A SEMI-
CONDUCTOR CRYSTAL (a) AFTER THERMAL DIFFUSION
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become less than NA for x< ¢ because the excess acceptors in such a

region would affect the space-charge so as to increase the field on the side

of excess lithium ions and decrease the field on the opposite side. Thus the

donor ion flow would be increased into the deficit region until the deficiency

in donors disappeared. Similarly ND cannot become greater than NA' A

Compensated region (ND = NA) is produced as shown in Figure 19(b); the

applied field will be extended over the compensated region as drifting proceed =.
In the present work, the diode was clamped between the electrodes

of the drifting bath as shown in Figure 20. 16 Chloroform (b.p. = 61 .2°C)

was used as the coolant, and all metal parts within the vessel were nickel;

we had found that in alloys containing copper, e.g., phosphor-bronze,

the reverse bias voltage applied to the diode caused copper to be leached

out of the alloy and deposited onto the diode. The use of a liquid coolant

in the drifting bath has an advantage over air or other convection cooled

set-ups besides increased drift rate; liquid coolants remove heat from the

crystal by nucleate boiling.83 Thus during the drift, bubbles form about

the surface of the diode. An imperfection in the p-n junction formed because

of thermal or mechanical damage to the crystal may manifest itself as a

"hot spot," i.e., more power is dissipated in the damaged region and denser

bubbling occurs there. We have found a convenient method103 for acti-

vating dormant hot spots so that they can be identified for subsequent removal:

if a small spot of intense white light is shone on the edge of the diode while

under reverse bias, the sudden increase in current due to photo-generation

of carriers will cause a potential hot spot to flare up. The light source

is pulsed on and off so as not to initiate breakdown of the diode due to

excess current flow. This method is to be compared to that in which a
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diode is reverse-biased, cooled to OOC, allowed to warm up in air under
sufficient bias so that the frost formed on the cold crystal surfaces will

57

melt first at a hot spot.

The chloroform was heated to boiling via the external heater, and a
reverse DC bias applied to the germanium crystal after it has reached
thermal equilibrium with the boiling liquid. The bias was increased to as
high a level as permitted by the conditions of the crystal, i.e., fairly
constant current level. Since the thermal diffusion of lithium does not
yield a uniform p-n junction, the initial bias level may have to be kept
low until the quality of the junction has improved. As the width of the
compensated region increases with time, the current drawn by the drift-
ing diode will increase. An abrupt increase in reverse current may
signify a drop in the lithium ion concentration due to diffusion to the sur-
face51 or precipitation to the electrically inactive elemental state, and
further drift will not occur unless more lithium is thermally diffused into
the crystal.

Henck, et.al. ,51 in a study of diffusion, drift rate, and precipitation
of lithium in germanium found that for thermal diffusions carried out at
temperatures and times similar to those used in the present work, approxi-
mately 6 x 1014 lithium atoms/cm2 are initially introduced into the crystal.
This should be sufficient to compensate germanium of greater than 10 (~cm
resistivities to a depth in excess of 1 em. This was found to be consistent
with the results obtained with the Sylvania germanium, where a single
lithium diffusion was sufficient to yield compensated depths of up to 8 mm.

The drift rates from diodes cut from both Sylvania ingots has been found

to be consistent with the relationship1 13,116
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where w is the compensated depth, | the lithium mobility, V the bias
voltage, t the drift time, and T the temperature at which the drift is
carried out. The progress of the drift was monitored through the position
of a line of chloroform decomposition products1 14,116 which forms at the
i-p boundary. Copper plating of the uncompensated ma.terj_al16 was also
used to determine the depth of the drift.

The steps following the drifting of the diode to the desired compensated
depth determine the final performance of the device as a spectrometer. We
will therefore outline the production of thick compensated regions in ger-
manium by the AC-drift method of Jamini,56 followed by a detailed discussion

of the post-drift procedures which are essentially the same for germanium

p-i-n diodes, irrespective of the drifting procedure used.

3.2 AC—Drift56 In this procedure, lithium which has been thermally
diffused into both faces of germanium crystal was drifted, from both faces,
into the crystal via an AC bias voltage. This simultaneous drifting of
what is essentially a dual-diode structure results in the production of

a thick compensated region in less time than the same thickness would
require using the DC-drift described above.

After a crystal of germanium of the required size was cut from the
ingot (Hoboken #71D in the present work) by the procedure as previously
described, lithium-in-oil was painted onto the two faces of the crystal,
and the thermal diffusion was carried out under the same conditions used
for devices prepared for the DC-drift. Jamini's method56 calls for contacts
to be applied to the faces using a gallium-indium eutectic mixture (76% Ga

and 24% In by woight)dr.8 Since good ohmic contacts to germanium can be
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obtained with Ga-In only if the semiconductor surface is degenerate (see
earlier), it was found necessary to construct a simple four-point probe
for measuring surface resistivity of the samples (see Appendix A). In
applying the probe to the problem of assuring good ohmic contacts with the
Ga-In eutectic, the n-surfaces of the crystal were alternately lapped

and probed until a uniform resistivity of less than 0.1 (J-cm was obtained;

Cappellani, et.al. ,17 found that if the surface resistivity were greater
than about 0.5 Q-cm, excessive carrier injection will occur at the con-
tact with Ga-In.
After the required resistivity was obtained for both faces of the
crystal (additional lithium diffused into the crystal if the resistivity cannot
be obtained), the crystal was etched unmasked in a 3:1 volume mixture of
HF and HNO3 to which has been added a few drops of bromine,56 for 90
seconds. After washing in de-ionized distilled water, the crystal was
dried in warm air, and the Ga-In contacts were rubbed onto the faces of the
warm crystal.
The drifting bath used in the AC-method is shown in Figure 21. The
liquid coolant was Freon 113 (1 ,1,2~trichloro-1,2,2-trifluoroethane,
b.p. = 47.70C), and the power supply was capable of delivering a maximum
of 600 volts rms at 1.5 amps; provision was made for observing, on an
oscilloscope, the time variation of the current/voltage of the drifting
dual—diode.56 As drifting proceeds, the need for further thermal diffusion
of lithium becomes apparent when the current drawn by the crystal becomes
excessive (1 amp at 100 volts). >6 In drifting a crystal to a compensated
depth of 8 mm (approximately 4 mm from each face), three diffusions of
lithium were required. For the material used (35-37Q -cm), the quanti ty

of lithium diffused into each face of the crystal should have been sufficient
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to compensate more than 50 mm oi germanium in each direction allowing
for diffusiop to the surface during drjfting.SI The excessive current,
then, was undoubtedly due to depletion of lithium from the contacts of
Ga-In cutectic rather than from loss of lithium in the bulk of the crystal
itself.

During the AC~drift, lithium from the two n-surfaces will drift towards
the center of the crystal compensating acceptor impurity ions so that the
crystal has the configuration n-i-p-i-n, i.e., a dual-diode. The two
compensated regions will eventually merge (at least partially); copper-
p(at.ing]() of the surface of the crystal will then show a thin line of uncom-
pensated p-material remaining. One of the n-contacts was removed by lapping
until the resistivity as measured by the four-point probe indicates removal
of the lithium rich region. Gallium was thermally diffused into this region
to obtain a p-type contact; simultaneously the n-contact on the opposite
face was renewed by lithium diffusion. This simultaneous diffusion was
carried out under argon at 375°C for 15 minutes. After cooling and removal
of the excess diffusants, the surfaces were lapped and probed, and Ga-In
eutectic was rubbed onto both faces. The crystal, now with a p-i-p-i-n
configuration (the central p-type region being the original uncompensated
material left after the AC-drift) was replaced in the drifting bath; the
power supply with the addition of a rectifying bridge was used to reverse-
bias the device so that the remaining p-type region will be compensated.
Because of the p-contact may also be compensated during the process, it
was found necessary to renew the contact with Ga diffusions several times.
Copper-plating was used to check the progress of the merging of the
compensated regions. When the process has been completed, the resulting

diode has the required p-i-n configuration as was obtained using the
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DC—-drifii s procedurs: howev. . pn-i-n diodes produced by the AC

o I ! J

process arce totally compen-aiea, having only very thin n- and p-regions
which serve as contacts. DC-drifted diodes may have considerable

original p-iypc material remaining depending upon the length of the driflt.

3.3 Post-Drift Procedures Two steps must be taken after lithium ion

drifting to assurc that the resulting p-i-n diode will perform optimally

as a high-resolution gamma-ray spectrometer. The lithium-compensation
after a high temperature drifting operation will not be as exact as required,
and the surface must be treated o as to minimize the excesss noise

contribution as previously discussed.

3.3.1 Clean-up Drift If, during the drift process, there were no reverse

leakage current, the negative space-charge in the ion drift region due to
filled acceptors would be neutralized by the positive space-charge of the

o 120 s S
drifting dovors, and an exact compensation of acceptors by lithium donor
ions would result. At the clevated temperatures used to increase the
lithium mobility, a large bulk current results, mainly from carrier generation
. . 79 o . .
in the compensated region; under the drifting field, these carriers
contribute to the net space-charge, so that inexact compensation is achieved
by the lithium donors.

Inexact compensation of a p-i-n diode will contribute to the overall
system noise in two ways. Firstly, the presence of uncompensated acceptors
will result in increased noise due to thermal carrier generation, and
secondly, the capacitance of the device will be high. Since p-i-n and
p-n junctions have regions of space-charge separated by a region depleted

of charge carriers, they may be thought of as parallel - plate capacitors

where the capacitance G is given by:
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KA

T (3-3)

oo

where K is the dielectric constant, A the area of the junction, and

w is the width of the compensated region. For germanium this becomes:

C=14.4A/w (pI) (3-4)

2
where A isincm and w in mm. The capacitance should be independent

of the bias voltage V; however, in p-i-n devices C is usually found to
-1/3 . o 79 o :
vary as V alter the high temperature drift. Since the noise of the
pre-amplifier depends upon input capacitance, the lower the detector
capacitance, the lower the pre-amplifier noise.
Thus in order to improve the degree of compensation in a lithium-drifted

39,83

germanium diode, a "clean-up'" drift is carried out. In this process,
a larger reverse bias is applied to the device at a lower temperature than

the first ion-drift; the bulk-generated space-charge is reduced, but the

higher bias is required to make up for the decreased lithium mobility.

3.3.2 Surface Treatment Measurements of surface potentials by Davies

27

and Webb™ " and Armantrout4 have indicated either n- or p-type surface

layers can be formed over the i-region after the acid etching procedure.

The presence of these surface layers which result in there being a marked
difference between the surface and bulk potentials lead to a low value of

the reverse bias at which diode breakdown occurs; thus at the high bias
levels which are normally required to insure complete charge collection

in the device, the leakage current is too high to yield good detector resolution.
In the work by Armantrout4 an exhaustive study was carried out to determine

the effectiveness of various chemical agents in modifying the surface

potentials of Ge(Li) detectors so that the level at which breakdown occured
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could be 1ncreased; the effects de te dipping the diode into methanol,
trichloroethylene, nitric acid, hyidrogen peroxide, water, and ammoniunm
hydroxide were measured.  ‘T'he chemical treatment apparently used by many
researchers has been the hydrogen peroxide dip. 11,49,76 Since it has been
known that tor germanium, H_ O produces a p-type surface 1nversion
layer and wet air yields an n-type surface layer‘,39 the effect noted on
Ge(Li) detectors can be explained as follows. The exposure of the diode
to water and air during the quenching of the etch and washing steps produces
an n-type surface layer on the crystal; subsequent soaking in H2O2 causes
a reversion, or compensation if you will, of the n-type layer so that the
surface potential approaches the level of the bulk potential in the i-region.
The change in surface potential produced with H2O2 is strongly dependent
upon the time of exposure to the oxidizing agent: lack of reproducibility
of results has been I‘eported.4’17’49’76 Part of the problem, as pointed
out by Webb and Davies,27 is that, for reasons as yet unknown, some samples
of germanium yield diodes with high values of bias before breakdown occurs,
while other samples yield no usable diodes under the same conditions of
treatment. This inconsistency in the quality of germanium ingots available
will be discussed at a later timeas it applies to the present work.
Recently Adams1 studied the effects of prolonged exposure of a Ge(Li)
detector to H202 and the length of exposure to moist air to the raising
of the bias level at which breakdown occurs. The highest breakdown
bias level was attained after the diode was soaked in H202 for 30 minutes
and then allowed to dry for 45-50 minutes In air of 48-50% relative humidity.
In the present work, the post—drift procedures were as follows: the

diodes were etched for 3 minutes in a 3:1 volume mixture of HNO,3 and HF,

followed by a 15 second etch in a 5:1 mixture of the acids. After quenching
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and washing in de-ionized distilled water, the diodes fabricated from the
Sylvania ingots (which did NOT respond favorably to the chemical soakings)
were dried in a jet of dry nitrogen gas and mounted in the cryostat (see
Appendix B) as quickly as possible to minimize interaction with the room
ambient. The samples from the Hoboken ingot, after washing, were soaked
in H202 after the method of Adams1 and mounted in the cryostat. Once the
cryostat was evacuated to below about 10—3 mm Hg, the system was cooled
(=72°C for the Sylvania samples, -20°C for the Hoboken samples) in
preparation for the clean-up drift. Between 600 and 1000 volts reverse
bias was applied to the diode until no further reduction in leakage current

was observed (5-7 days). At this time the cryostat was cooled to 77°K  at

which temperature the leakage current vs bias characteristic was measured.
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CHAPTER TV

EXPERIMENTAL RESULTS

4. We now wish to describe the devices fabricated by the techniques
detailed in the previous chapter. For the purposes of this discussion,
we will first turn to an examination of theses devices as p-i-n diodes
in terms of rectification characteristics, capacitance, etc., and later
describe them in terms of their performance as gamma-ray spectrometers,
Germanium ingots available from various commercial sources have
shown at least two variations which have made the production of Ge(Li)
detectors rather difficult and unpredictable. Some samples show a drift
Lo 5,42 . . .
rate for lithium which is many orders of magnitude below that expected
from the reclationship given by equation 3-2, while other germanium ingots
yvield diodes whose rectification characteristics made them unusable as
27 . . . :
gamma-ray spectrometers. T'he apparent decrease in the diffusion
coefficient of lithium in germanium appears to be due to the presence of
oxygen in the sample so that lithium lons become immobilized by the formation
.t 42 o . . . .
of a Li-O complex. The poor rectification action of some Ge(Li) diodes,
large reverse currents at low biases, has not as yet been explained,
— . . . 22
and variations may be found in diodes produced from the same ingot.
The majority of diodes produced in the present work from the Sylvania

ingots exhibited poor rectification characteristics, but drift rates were

found to be in agreement with equation 3-2.

4.1 Rectification Characteristics Figure 22 shows a plot of the leakage

current vs reverse bias characteristic (hereafter termed the (V) characteris-
. Oy : .
tic) for device D-4(7) at 77 K before the clean-up drift (open circles) and

after a 5 day clean-up drift at —72OC and 1000 volts reverse bias (solid points)ﬁ
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The clean-up drift has resulted i1 an increase of the bias level at which
breakdown occured from 150 volts to over 800 volts. This device was
fabricated from a crystal cut from one end of Sylvania ingot #597G-6;
devices cut from other portions of the ingot show progressively poorer
I(V) characteristics approaching that shown in Figure 23 which is typical
of all devices fabricated from Sylvanﬁ1ingot#564G-ﬁ. As can be seen
from Figure 23, the leakage current after the clean-up drift (solid points)
monotonically rises with bias, the conditions of the clean-up drift being
the same as above.

The leakage current response with bias as shown in Figure 23 might
arise from either surface effects or clean-up drift of insufficient length
so that the lithium compensation was still inexact (see earlier). Thus when
the poor diode characteristic was initially encountered, measurements
of device capacitance were used to determine if the lithium compensation
was incomplete. Figure 24 shows results of capacitance vs reverse bias
measurements for a 1.7 em x 0.5 cm device taken before a clean-up
driﬁ;(open circles) and after a two-stage clean-up drift at 1OOCIand —720C3
(solid points ); the measurements were made at 77°K using a General
Radio 1608-A 1 KHz impedance bridge. Theinitial response taken after
the high temperature drifting process (before clean—up) exhibits the strong
bias dependence of the capacitance indicative of inexact lithium compensa-
tior1.34’79 After the clean-up drift, the capacitance is seen to be bias
independent above approximately 100 volts; in practice, it seems that a
completely flat capacitance-bias response is rarely achieved for Ge(Li)
diodes (seo for example reference 39). Using equation 3-4 the expected

capacitance for a device of the dimensions given above can be calculated;
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the calculated capacitance, approximately 5 pf, is smaller than that measured
at 1 KHz by a factor of 2-3. Hansen and Jarrett49 have reported a similar
discrepancy for capacitance measurements made at audio frequencies,
due to surface effects of the p-i-n diode. In the present work, therefore,
the bridge-measured capacitance have been used only as a qualitative
indicator of detector compensation. Also shown in Figure 24 is the "effective
capacitance" as measured from noise vs input capacitance data supplied
with the pre—amplifier (ORTEC model 118 FET); the result includes stray
capacitance due to connecting wires, electrical feedthroughs, etc. and is
in agreement with the calculated value. Thus if the capacitance of a device
was bias independent over a wide range of bias and/or‘ its effective capacitance
was in agreement with the calculated value, it was assumed that the device
had received sufficient clean-up.

The monotonically rising leakage current with reverse bias response
was the next matter for concern; the effect was tried of certain surface
treatments such as methanol rinses or hydrogen peroxide dips.4 No
improvement was observed after such surface treatments on any of the diodes
fabricated from Sylvania ingot #564G-1. A process was successfully
devised by which the leakage current could be lowered for such devices
(although the slope remained essentially the same), and this procedure is

described below.

4.1.1 CaF2 Compensation of Surface States in Ge(Li) Detectors106 Some
results reported46 on controlling surface potentials in evaporated CdS
films using various thicknesses of CaF2 and SiOX layers were applied to
the present problem of lowering the leakage current of Ge(Li) devices

fabricated from the Sylvania ingots. It was shown in the CdS work that
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by using various thicknesses oF(;aFZ and Sﬂ)xlayersin.comtﬁnanon,
surface potentials in between those of CaF2 and SiOX alone could be obtained.
Consequently, if the Ge(Li) detectors with presumably n-type surfaces
were coated by vacuum-evaporating a suitable ﬂnckneSS(ﬁ'CaF2 onto the
exposed edges (this material having been shown to raise surface potentials
on CdS), one would expect to obtain surface potentials for germanium

near those of the bulk material; a lowering of the leakage current should
follow. Furthermore, following such a treatment, in which a material
coating is applied to the diode surface, the device should be fairly insen-
sitive to further exposure to the ambient, and its behavior should be re-
producible.

After the diode @abricated by the process described earhelﬁ had been
given the final etch and water wash, it was mounted in the cryostat, and the
leakage current and resolution for various standard gamma-rays were
measured at??oKy The detector was then warmed to room temperature
under vacuum over a period of 3 to 4 hours and then brought up to atmospheric
pressure with nitrogen gas. It was removed from the cryostat on a de-
tachable mount (see Figure 25(a)) and inserted in the vacuum evaporation
system. Figure 25(b) shows schematically the detector and mount in position
for the CaFﬂ)treaUHent. The mounting permits rotation of the rectangular
detector for treatment of each of the four edges. A quartz crystal and
frequency monitor were used to determine the thickness of the deposited
material Qo within 10%),the change in frequency of the crystal being pro-
portional to the mass deposited onto it. Raies<ﬁ‘CaFé evaporation were
typically 20 H)ZOO<AO per second. After treatment, the diode was remountod

o
in the cryostat, cooled to 77 K, and tested as before.
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Tavendale1 15 has reported that thermal recycling of some Ge(Li)

5 minutes resulted in improved

detectors from 77OK to room temperature for
performance, and particularly an increase in the hias at which break-
down occured. In this work, the times involved from warm-up to room
temperature to cooling to 77OK after the CaF2 treatment were such that the
diode was at room temperature from 10 to 12 hours. The following ex-
perimental results, however, indicate that the effects observed with CaF2
on germanium were similar to the effects noted in the CdS work, and are
presumed to be largely due to the CaF‘2 treatment.

Figure 26 shows the I(V) characteristic of a 3 cm2 x 0.2 cm thick
Ge(Li) detector before and after 2000 A° of CaF2 was evaporated outo the
etched junction edges. This thickness is seen to produce a substantial
increase in reverse leakage current; this is attributed to the formation
of a heavy p-type surface inversion layer on the detector as such potential
shifts were noted in the CdS work for layers of this thickness.

Figure 27 gives the results for the deposition of a 200 A° layer of
CaF2 on a 2 cm2 x 0.35 cm thick detector. The leakage current is consider-
ably lower after the treatment for reverse bias voltages of less than 120
volts. The higher leakage current observed above this bias is probably
indicative of a somewhat p-type surface so that at higher bias voltages
excess current is still observed.

Data obtained after a 150 A° Can-Coating onal.7 cm2 x 0.5 ¢cm
thick Ge(Li) detector is shown in Figure 28. This treatment has resulted
in a lowering of the leakage current over almost the entire bias range

measured; apparently 150 A° of CaF2 produced a surface potential nearly

equal to the bulk potential for this detector. The resolution obtained
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with this detector after the CaF . treatment showed a 10% improvement

2
over the untreated device; use of an ORTEC model 118 FET preamplifier
operated at room temperature and a Tennelec TC--200 main amplifier
operated in the single-RC clipping mode with 1.6 microsecond time con-
stants yielded resolutions with this detector of 1.79 keV FWHM at 122 keV,
and 2.76 keV FWHM at 1173 keV under 150 volts detector bias (Figures 29
and 30, respecti'vely).

Evaporation of a 50 A° coating of CaF2 onaj cm2 x 0.2 cm thick
detector yielded essentially no change in the observed (V) characteristic;
apparently this thickness of CaF‘2 is inadequate to reverse the surface
potential, which is again consistent with the CdS results.46 The detector
coated with 50 A® of CaF2 was accidently exposed to the atmosphere for
a few seconds while at 77OK; when pumped down to 10—6 Torr, the reverse
leakage current was found to be essentially unchanged as compared to
before the exposure. In order to test further the possible edge-protection

properties of the CaF | treatment, the detector was exposed to the atmosphere

2

for 30 minutes while at 77°K. During this period, the leakage current

was observed to increase by a factor of from 10 to 100 over 20 to 1000 volts,
probably due to conduction through the ice layer which formed over the de-
tector between the positive and ground contacts. However, after the
detector was warmed to room temperature under vacuum and cooled once
more to 77 °K, no significant increase in the leakage current was found

as compared to data taken before exposure, e.g., 4.4 vs 3.2 x 10_9 amps

7 6

at 100 volts, 5.8 vs 5.6 x 10" ' amps at 300 volts, and 8.6 vs 8.7 x 10~

amps at 600 volts.

We have had opportunity to observe the long-term stability of the CaFZ_
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coating after exposure to the atmosphere in the case of the detector coated
with 150 A0 of the material. Due to a defect in the cryostat, this detector
has been exposed for a total period of approximately 90 minutes to the
ambient while at 77OK; over a 6 month period, the resolution obtained

at 122 keV has deteriorated to approximately 3 keV FWHM. The hygro-
scopic nature of CaF2 is probably responsible for this degradation. The
results obtained, however, point to the possible use of such coatings

both for adjusting surface potentials and surface protection of Ge(Li)
detectors. The use of Mng—coatings, such as used on photographic lenses,
should be both rugged and insensitive to the ambient.

The CaF2 coating procedure, while it did cause a lowering in reverse
leakage current, did not result in raising the bias level at which break-
down occurred in the devices fabricated from the Sylvania ingots (mono-
tonically increasing leakage current vs bias characteristics were still observed).
Thus, whereas the capacitance measurements tended to show that the excess
leakage current was not due to inexact lithium compensation, the results
of the surface treatment study seemed to indicate that the condition of the
surface was not completely responsible for the observed I(V) characteristic
either. One dilfference consistently observed between diodes fabricated
from ingot #564G-1 (where all devices exhibited an I(V) characteristic
like that shown in Figure 23) and ingot #597G-6 (which yielded one device
whose characteristic is shown in Figure 22, while the I{V) characteristic
of others became progressively like those of ingot #564G-1 as slices were
cut from the ingot) was in the lithium ion drifting step. Comparison of
four diodes from each ingot of approximately equal volumes show that
diodes from ingot #564G-1 drew 50-70 mA/cmB/V during the high temperature

drift, while diodes from the other ingot drew only 1-2 mA/cmj/V. Thus it
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is conceivable that some unknown variation in the bulk material is reponsible

for the measured I(V) characteristic of the completed detectors at 770K.

4.2 Spectrometer Performance In fabricating Ge(Li) detectors, one

strives to obtain devices which have low enough leakage current to mini-
mize the detector noise at bias values high enough to collect the radiation-
induced charge efficiently. Diodes fabricated from Sylvania ingot #564G-1
were unusual in that while most devices previously reported in the literature
have required at least 300 volts bias to operate satisfactorily, the detectors
in the present work yielded satisfactory resolution (5-7 keV FWHM at 662
keV) at average bias voltages of only 70 volts. 104

Figure 31 shows results obtained from the best diode fabricated from
the ingot; at 70 volts reverse bias, this detector of approximately 1.5 cm3

active volume yielded 3.6 keV FWHM for the Co57

122 keV gamma-ray.

The associated electronic equipment consisted of an ORTEC model 118

FET preamplifier (with the FET at room temperature), a Tennelec TC-200
main amplifier with 0.8 microsecond integrating and differentiating time
constants, and a Nuclear Data ND-160 multiparameter pulse-height analyzer.
As the inset shows, this detector has its edges bevelled to an angle of
approximately 40°. Figure 32 shows a portion of the Co60 gamma-ray singles
spectrum obtained with this detector at 70 and 35 volts bias. As indicated,

a resolution of 4.3 keV FWHM was obtained for the 1173 keV peak at 70 volts
bias, while at 35 volts a considerable amount of "tailing" on the low energy
side of the peak was observed indicating poor charge collection due to carrier
trapping. At 20 volts bias, the two Co60 full-energy peaks cannot be resolved
above the background continuum.

A comparison of results obtained with two Ge(Li) detectors of comparable
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capacitances (approximately 12 pf) and leakage currents, showed that the
detector with the bevelled edges had superior resolution over the detector
with rectangular geometry by a factor of almost 2. Figure 33 shows the
equipotential lines obtained by plotting the field on a conducting-paper
model of the device with bevelled edges, assuming the full potential drop
occurs across the i-region. Since the configuration of the collection
field in this diode would be such that the field near the surface is weaker
than in the center, the superiority of the bevelled-edge device might be
attributed to the minimization of the effect of surface trapping centers.
Llacer71 has reported the use of various geometrical configurations in

controlling surface leakage current in Si(Li) detectors.



-93-

l+
3

20%

40%

60%

80%

100%

L

FIGURE 33: PLOT OF EQUIPOTENTIAL LINES FOR ELECTRIC
FIELD ACROSS i-REGION OF Ge(Li) DETECTOR WITH BEVELLED
EDGES.



~94-

CHAPTER V
OPERATING CHARACTERISTICS

of Ge(Li) DETECTORS

5. We can summarize the principles of the operation of a Ge(Li) detector
with the aid of Figure 34 which shows a schematic representation of the
cross-section of a planar p-i-n diode. Also shown are representations
of the various possible gamma-ray interactions with the detector: (a) is
a low energy gamma-ray which undergoes a photoelectric interaction in
the detector, losing all its energy in the production of the photoelectron
and an x-ray both of which are absorbed in the crystal, thus contributing
to a full-energy peak in the pulse-height spectrum; (b) represents a gamma-
ray which loses all its energy within the detector by a series of Compton
interactions and a final photoelectric interaction, also contributing to a
full-energy peak; (c) is a gamma~ray which undergoes a few Compton
interactions within the crystal while the last Compton-scattered photon
escapes; thus this gamma-ray (c) results in an event in the Compton
escape continum; gamma-ray (d) interacts with the detector in a pair-
production event, the subsequent 511-keV quanta from annihilation of

the positron escaping the detector, so that an event contributing to a

double-escape peak is registered.

5.1 Ge(Li) Detector Response The response of a Ge(Li) detector to gamma-

rays is shown in Figure 35, a pulse height spectrum of gamma-rays from
the decay of Naz4 obtained with an 8 cm3 detector fabricated in the present
work. An ORTEC model 118A FET pre-amplifier operating at room

temperature, a Tennelec TC~200 main amplifier with 0.8 integrating and



-y
O

MV Q

X-rays or + &
Auger clecirons

I

FIGURE 34: CROSS SECTION OF A Ge(Li) DETECTOR SHOWING THE
INTERACTION OF GAMMA-RAYS WITH THE DETECTOR:
(a) PHOTOELECTRIC INTERACTION
(b) COMPTON INTERACTION WITH TOTAL ENERGY
DEPOSITED IN THIE DETECTOR
(c) COMPTON INTERACTION WITH ESCAPE OF A
COMPTON-SCATTERED PHOTON
(d) PAIR-PRODUCTION WITH ESCAPE OF THE TWO
ANNIHILATION QUANTA.



St HYNHDIA
ATHINAN TANNVHD

00+< 000¢ 0061 0001 00L
T 1 — T L4 T _ 1 NOP
- — (O
JOoLodaLAd (T1)°D U8
= WNALDAJS SATOHNIS AVI-VAAVD »2°N -
i
3
|

i

6°¢6Le

S-6°¢€6Le

a-6°€s.e
|

o,

IWHM L A®Y T.T

¢ 89¢cl

Ol

ol

TANNVHO ddd SLNNOD



-97-

1.6 microsecond differentiating time constants, and a Victoreen SCIPP
104TP pulse-height analyzer were used to record the spectrum in 3200
channels. Prominent features of the spectrum include the full energy
peaks at 1368.5 and 2753.9 keV corresponding to the gamma-rays from
decay of Na24, the double-~ and single-escape peaks of the 2753.9 keV
gamma-ray at energies of 2753.9 - 2moc2 and 2753.9 - moc2, respective-
ly, and the so-called Compton "knees" located below each full energy peak.
Since gamma-rays of the above energies interact with germanium
predominantly by Compton scattering (see Figure 11), the full energy
peaks at 1368.5 and 2753.9 keV originate mainly from the absorption
in the detector of electrons produced in the multiple Compton intera-tions,
i.e., gamma-rays which deposit all their energy in the detector irrespec-
tive of the number of interactions register events in the full energy peak.
The escape-peaks originate from pair-producing interactions in which
either one or two quanta of annihilation escape from the sensitive volume
of the detector. Because of the statistics of charge production and collec-
tion, full energy and escape-peaks are not registered as lines but as
Gaussian-distributions ; amplificr noise also contributes to the peak width.
The minimum energy for a Compton-scattered photon as seen from
equation 2-4 for 6 = 180° is E‘Y = l2m0<:2; thus the maximum energy
of the corresponding Compton electron is Ee = EY - 1§moc2 from equation
2-5. Theoretically, then, one would expect the detector response for
those Compton interactions in which some of the Compton-scattered photons
escape the detector to show no events in the energy region between EY and
EY - lm 02 (EY - 205.5 keV) and a continuous distribution below this
energy, a peak occuring in the distribution at the energy corresponding

- 54 .
to maximum energyof the Compton electron. The actual distribution

seen in a Ge(Li) pulse~height spectrum is smeared somewhat at the Compton
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peak ("knee") due to charge production and collection statistics and becomes
less sharp as the energy increases (see Figure 35). With increasing

photon energy, the probability of the Compton electron escaping the detector
increases, and, depending on detector volume, the Compton "knee" gradually

disappears into the background continuum.

5.2 Detector Efficiency The use of Ge(Li) detectors as gamma-ray spec-—

trometers requires a knowledge of the efficiency for detection of full-energy
events. The detection efficiency for double-and single-escape events

is also useful in identifying such peaks with respect to the corresponding
full-energy peak.

In the present work, a constant geometry source mount has been devised
(see Figure 36) so that radioactive sources could be counted at reproducible
distances from the detector. Using this arrangement, the largest geometri-
cal solid angles which could be obtained with the smallest (0.85 cm3) and

largest (8 cm3) detectors used were 0.6% and 8%, respectively.

5.2.1 Full-Energy Peak Efficiency The full-energy peak detection

efficiency for several Ge(Li) detectors has been determined using gamma-—
rays from standard sources of Co6o calibrated with a 3 x 3" Nal(T1)
detector and total counting efficiency and peak-to-total ratio data for
scintillation detectors due to Heath.so The areas of peaks obtained in
the Ge(Li) spectra were determined by summing the number of counts in
each channel defining the peak and subtracting a linearly interpolated
background. The shapes of the efficiency curves were checked by cal-
culating relative gamma-ray intensities for a C056 source.

Figure 37 shows intrinsic full-energy detection efficiency data for

detectors of various sensitive volumes. The two curves for which
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experimental points are shown (detector volumes of 0.85 and 8 cm3) are
from the present work; the linear relationship between the logarithms of
efficiency and gamma-ray energy as observed by Easterday, et.al. ,38
is seen to hold at least to 3500 keV, which was the limit of the gamma-ray
energy used in the Co56 measurements. The full-energy efficiency for a
3 x 3" Nal(T1) detector is shown for comparison with the Ge(Li) detectors.
An interesting result obtained during the course of this work is shown
in Figure 38 in which are plotted full-energy efficiency data for three
Ge(Li) detectors. The solid points and -curve were obtained for a
1.7 cm2 x 0.5 cm detector used in this laboratory, the squares are

from the Monte-Carlo calculations of de Castro Faria, et.al., 35 fo

r
a 1.8 cm diameter x 0.35 cm thick right circular cylindrical detector,

and the triangles represent data of Ewan and Tavendale39 for a

2.5 cm2 x 0.35 cm device. The efficiencies are virtually indistinguishable,
and it is interesting to note that the three detectors have almost identical
-volumes, 0.85 cm3, 0.9 cm3, and 0.88 cm3, respectively. (The data

also show the decrease in efficiency below 100 keV due to absorption of

low energy gamma-rays by the end-cap of the cryostat and the 200-500
micron thick lithium-diffused dead layer).

Further evidence for the dependence of the full-energy elficiency on

detector volume is shown in Figure 39; data for 18 Ge(Li) detectors taken

from previously published work are shown plotted as full-energy cfficicncy
at 1 M:eV vs detector volume. Even though these detectors arc of various
shapes, rectangular or cylindrical, and of planar or coaxiial conflipuration,
there is seen to be a strong correlation between efficiency and detector

volume, at least below 20 cm3. Also shown are data from the Monte--Cuarleo
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calculations of de Castro Faria, et.al. ,35 which do not follow the cx-
perimentally obtained points with increasing volume. Further data are shown
for computations made for the total counting efficiency for square-planar
detoctors55 and cylindrical devices1 L ; both these data and the experimental
points pass through the origin (where a detector with zero volume has zero
efficiency), whereas the Monte-Carlo efficiencies do not. Furthermore,

the Monte-Carlo data exhibit the same slope as the total counting efficiency

data. This might indicate some error in accounting for full-energy-to-total

counting factors in the Monte-Carlo computation.

5.2.2 Escape-Peak Efficiency The size and shape of a Ge(Li) detector

determines the amount of reabsorption of annihilation quanta in the detector

after a pair-producing interaction by a high energy gamma-ray. In general,

the smaller the detector volume, the more enhanced are the intensities

of escape events in a pulse-height spectrum; however, the ratio of detector

dimensions also has direct bearing on escape-peak intensity. Mann, et.al. ,76

has shown that an increase in the surface-to-volume ratio of cylindrical

detectors led to an enhancement of escape-peak intensities. If one dimension

of a detector is much smaller than other dimensions, the above result obtains.
Figure 40 shows data for two detectors used in the present work and

one used by Freedman, et.al. ;43 the ratios of the double-escape to

full-energy peak areas and double-escape to single-escape peak areas

are plotted against gamma-ray energy. The intensity of double-escape

events is enhanced in the 8 cm3 detector over the 2.3 cm3 device due

to the fact that the larger device has one dimension smaller than the others.

The ratio of double-escape to single-escape areas is observed to be

43,62
constant. i
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The ratios of escape- and full-energy peak areas are extremely useful
relationships in nuclear spectroscopic applications. Along with the energy
relationships between escape- and full-energy peaks, the area ratios for
a particular detector serve as a means for confirming the intensity relation-
ships between corresponding full-energy peaks. The intensity of the full-

energy peak can be obtained from the area of the double-escape peak, for

example, by the relationship:

where I is the intensity of the full-energy peak, 0 FE is full-energy

detection efficiency, ADE is the double-escape peak area, and R the

ratio of double-escape to full-energy peak area.

5.3 Resolution and Fano Factor We recall that when monoenergetic

radiation is brought to rest in a detecting medium, the standard deviation
in the number of ionizations per incident particle is not equal to the square
root of that number due to the correlation in the processes resulting from
the constraint that each particle must lose exactly its initial kinetic energy
in the medjum.41 The observed energy resolution of gamma-ray peaks

in pulse-height spectra in keV at full peak width at half the maximum height is
FWHM = 2.355 JE€F. (2-10)

In order to compare resolution obtained with any specific Ge(Li) detector
with the intrinsic resolution obtainable with such devices, one requires

a value of the Fano factor F for germanium. Experimental determinations
of 1" are extremely lifficult using Ge(Li) detectors. Since the Fano

factor is associated only with the charge production process, and
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measurements obtained with Ge(Li} detectors are also influenced by the
charge collection process, all of the effects which contribute to the line
broadening due to the latter process must be accounted for; otherwise
the experimental estimate of the Fano factor will be too large. Mann and

74,75

collaborators '’ have considered the following factors which can con-

tribute to the line width:

a) electronic noise of the detector/pre—amplifier system, which
may dominate at low gamma-ray energies;

b) electronic drift, i.e., gain instabilities in the amplifier,

analyzer, etc.;
c) gain shifts due to high count rate;
d) statistics of carrier recombination;
e) statistics of carrier trapping; and,

f) risetime, i.e., the statistics of the collection time of
generated electron-hole pairs.

Factors d), e), and f) will, in general, depend upon the applied electric
field in a systematic manner. Variations in the detector field will also

affect a) through changes in detector capacitance and leakage current.

5.3.1 Method for Determining Fano Factor The procedure used in attempt-
75

ing to evaluate the Fano factor was essentially that of Mann,et.al.
Pulse-height spectra were obtained with 0.85 cm3 CaFZ—coated Ge(Li)

57

detector and the associated electronics described earlier, using Co” ',

13 .
3, and Co60. In order to obtain a measure of the noise contribution

Ba
of the electronic systems, a test pulse from a Berkely Nucleonics Corpora-
tion RP-2 pulse generator was fed to the pre-amplifier during the counting

period; the test pulse is subject to all line broadening effects of the system

except the effects due to charge production and collection in the detector.
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Thus the Intrinsic line width due to the detector alone can be obtained
from a subtraction in quadrature of the test pulse line width from the

gamma-ray line width:
Ny =N"-N (5-2)

where N  is the noise contribution of the detector in keV, Nt is the
s

|

noise contribution of the total system in keV, i.e., the measured res-
olution (FWHM) of the gamma-ray peak, and NS is the noise contribution
of the electronics alone, i.e., the resolution (FWHM) of the test pulse
peak. Short counting periods and low count rates were used in order to
minimize gain shifts as previously outlined, although gain shifts had not

been observed in other experiments for counting periods of up to 48 hours.

5.3.2 Experimental Results Figure 41 shows the results obtained for 4-6

runs at each bias setting for the 122 keV peak of Co>7; Nd2 in keV

(FWHM) as obtained from equation 5-2 is plotted against the reciprocal

field 1/E (k\/’/cm)—1 . As Mann, et.al. ,74’75 observed there is a reduction
in the detector resolution as the field is increased until a plateau is reached
where negligible reduction in Nd2 is obtained with increasing collection
field. In this region a value of F =0.11 + 0.05 was obtained, using
equation 2-10 and € =2.98 eV. > Figure 42 shows data obtained with

the 0.85 Cm3 detector for the 1173-keV gamma-ray of Co60 and also results
at 122 keV for the 8 cm3 detector; the variance-to-yield ratio is plotted

vs reciprocal field strength. Some of the results of Mann, et.al. ,75 are

also presented for comparison.
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5.3.3 Discussion of Results  From data like those shown in Figure 41,

75 . . .
Mann, et.al., have inferred that in order to obtain a mcasure of the
"intrinsic" Fano lactor for germanium, one must extrapolate the data of

-~

Figure 42 to infinite ficld strength. This yields 0.05 <F <0.17 for the

=

. . . 75
combined data shown in Figure 42.

The extrapolation of the data to infinite field, it would seem, implies
that there is some sort of intrinsic trapping in the detector so that complete
charge collection can not be experimentally achieved, but rather some constant
fraction of the charge is collected resulting in the plateau region as shown
in Figurc 11 for increasing electric ficld. It is the present conte:ition,
however, that while there is a limiting value of the charge collection
efficiency obtained with increasing field, the value is near 100% over a
wide range of collection fields; thus extrapolation to infinite field would
not result in a value of the Fano factor very much dilferent from that ob-
tained from data such as in Figure 41.

Let us examine the behavior of the collection efficiency N with in-
creasing ficld; Figure 14 presents N as a function of A /w where
A= uTE (equation 2-15). For a given Ge(Li) detector, the carrier
mobility u and lifetime T are constant, thus A is afunction of I alone,
w being constant for a given detector. From Figure 14 it can be seen
that as E increases, N remains fairly constant then increases rapidly
to a point (80%) and then approaches 100% collection efficiency asymtotically .
Armantrout has measured directly the charge collection efficiency and
its dependence on collection field for a Ge(Li) detector and gamma-rays from
C057 and C(>6O to yield the samc result. The results of the present work
and those of Mann, ct.al. ’74,75 which show that at low gamma-ray encrglices

a plateau is reached in the behavior of the variance-to-yield ratio with
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increasing field, while as gamma-ray energy is increased the plateau
appears only at high fields or not at all (Figure 42), can be explained
as follows:

In the region where the collection efficiency increases rapidly with
field, the variance-to-yield ratio will decrease in the same manner with
increasing field. Where the collection efficiency levels off and approaches
10()%, the ratio of variance-to-yield should approach a constant value,
i.e., the plateau region of Figure 41. We must allow that for a given
detector, the charge collection efficiency may not approach 100% but
rather to some maximum value because of some inherent trapping in the
device at the fields permitted by noise considerations. Since it is known15
that higher energy gamma-peaks are more noticeably broadened due to
incomplete charge than are low energy peaks (since a smaller fraction
of the peak width of the former is due to pre-amplifier noise), this might
explain the observations of the variance-to-yield ratio with field at
higher gamma-ray energies (Figure 42). The behavior of the collection
efficiency with mean free carrier path A might also explain the different
slopes of variance-to-yield vs reciprocal field observed for different
detectors (Figure 42); A is dependent upon the carrier mobility U
Armantrout5 has shown that differences in lithium drift-rate for different
germanium samples could be correlated to differences in the electron
mobility measured at 77OK; therefore, the different slopes observed
might be due to variations in | for each detector.

We now come to a portion of the data of Mann, et.al. ,75 1n which
measurements of the variance-to-yield ratio with the same detector for
two different gamma-ray energies yielded F = 0.13 at 122 keV and

F - 0.20at 1173 and 1332 keV; both values of F were obtained from
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the region where little change 1n the ratio of variance-to-yield was observed

with increasing field. The higher energy gamma-rays will interact with the

i

_ - . o e SR .
detector mainiy by Compton scattering (sce Figure 1) since the [ull- energy

] I AY . .
peak efficicney for a Gel{Li) detector is larger than that predicwed from the
. B . . N . C
absorption cross—secuon of germanium for higher cnergy gamma- rays, SCMe

portion of the full-energy events in the spectrum must arise from the summing
of multiple Compton scattering events. In a series of Compion interactions
generated by a single incident gamma-ray, each primary (C\:»mpton electron)
will have unavailabie for the production of charge the energy corresponding
to the minimum energy required to produce an ion pair E].u Thus we may
speculate that less of the incident gamma-ray energy goes into electron-
hole pair production for Compton 1nteractions which sum in the detector to
yield a full-energy event in the pulse-height spectirum as compared to a

X
photo-electric (smgle ‘.;.rimary) absorption at the samc energy. With a slightly
larger fraction of energy lost to the lattice 1n the interaction of high energy
gamma-~rays with the detector, the variance~to-yield ratio1s increased (and

thus the Fano factor) so that there appears te be an increase in the value

of the Fano factor with increasing gamma-ray energy.,

5.3.4 Conclusion In order 1o obtain a measurement of the Fano factor

from Ge(Li) experiments, one must estrapolate the variation of the ratic

of variance-to-yield with field to infinite field; hewever, we conclude that

a lincar extrapolation az shown in Figure 42 {semilog :ccale)?s 15 1nvalid becaus.
of the behavior of the charge collection efftciency with inercasing ficld.

It appears that the most meaningful measurcmems of ' will be obrained

at low gamma-ray cncergies where the photoclectre interaction will dominate

*¥Although a photoclectric event is multiple, most of the gamma-ray cncergy

goes to the photoclectron.
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and trapping contributions to the resolution minimized.

At 122 keV we obtain F = 0.11 + 0.05 for the 0.85 Cm3 detector,
and 0.11 + 0.04 (average of the two points) for the 8 cm3 device. At
this gamma-ray cnergy, Mann, et.al. ,75 obtained the value F =0.134 0.02
using € - 2.8 eV; with €=2.98¢eV, F=0.121in agreement with the
results of this work. Since the experimental work was not carried out
with infinite collection fields on the detectors, these results represent
an upper limit of F; however, because of the behavior of the collection
efficiency with field, the value of the "intrinsic" Fano factor should not
be much different from the above results. We also recall at this point,

.6 . 0
the calculation of Klein ] for germanium at 77 K, F = 0.11.
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Part Three

Experimental Application of Ge(Li) Detectors:

Nuclear Decay Studies
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CHAPTER VI

SPECTROSCOPIC TECHNIQUES

6. Ge(Li) detector systems represent one of the best available compromises
in terms of cnergy resolution, efficiency, and speed of data aquisition
over other types of gamma-ray spectrometer&53 The use of Ge(Li)
detectors in nuclear spectroscopic applications enables the experimenter
to obtain better resolution and more accurate energy determination than is
possible with the more efficient NaI(Tl) scintillators; at the same time
Ge(Li)jdetectors require less source activity than do the higher resolution
spectrometers, such as the external conversion m ./2 spectrometer,

and permit simultaneous collection of data over the whole spectrum under
study. This is not to say that the Ge(Li) spectrometer will replace all
other types of devices in nuclear spectroscopy, but rather that the Ge(Li)
detector has its place in filling the gap between the high efficiency, low
resolution scintillators and the low efficiency, high resolution magnetic
Spectrometers.

In this part are presented certain nuclear decay studies undertaken
using various Ge(Li) detectors fabricated during the course of the present
work. The studies are presented mainly for their contribution to existing
knowledge about the decay of the nuclei studied, but comparison can be

drawn with previously published work using other gamma-ray spectrometry

systems.

6.1 Single Detector Measurements Pulse-height spectra obtained using

a single Ge(Li) detector, i.e., the "singles spectra," yield upon proper

evaluation, accurate values for the energies and intensities of the
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gamma-rays emanating from the source under study. The uncertainties
assoclated with gamma-ray energy measurements depend upon the accuracy
achieved in locating peak positions,non-linearities in the pulse-height

to energy response of the system, and electronic drifts.53 While the
uncertainty in locating centers of peaks naturally depends upon factors
such as counting statistics and peak shape, errors associated with this
measurement can be minimized by using a conversion gain setting on the
analyzer (number of keV per channel) so that many channels cover the
peak. For example, if a conversion gain of 1 keV/channel is used in an
experiment, an error of one channel in locating the center of a peak would
lead to an error of approximately 1 keV in the energy determination.

At present, because there are few accurately measured gamma-ray energy
standards which are convenient to use, the linearity of the Ge(Li) detector
is relied upon heavily to yield accurate energy calibrations. Ewan and
’I‘aveudale‘39 showed that the energy response of Ge(Li) detectors is
linear from O to 2600 keV to within + 0.3%, the accuracy of the pulse
generator used for comparison; recently Levy and Ritter67 have determined
that the detectors are linear in energy response to less than 0.046% at
energies up to 10 MeV. Non-linearities observed in the system are due

in part to the associated electronics and must be suitably accounted for in

order to obtain accurate results.

6.1.1 Location of Peak Positions In the present work, the channel number

corresponding to the center of a peak was determined using a method of

weighted averages of the form:
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where x is the center of the peak (channe] number), and the weighting
factors g, are the number of counts per channel in channel X, . The error
in determining the peak center channel number by this method is estimated to
be between 0.2 and 0.4 channels, providing that many*channels cover each
peak, a condition easily achieved using the SCIPP 104TP analyzer at
conversion gains of less than 1 keV/channel over the range of 3200 channels.
Freedman, et.al. ,43 claim comparable accuracies using a method of

visual inspection of peaks containing 3-4 channels.

6.1.2 Energy Calibration and Computation The non-linearities in the amplificr

and analyzer were not accounted for explicitly; the pulse-height vs energy

response was fitted to a polynomial of the form:

E:A+Bx+Cx2+Dx3+... (6—-2)

where E is the gamma-ray energy, x is the channel number, and A,
B, C, and D are the parameters to be fitted. The non-linearity of the system
may also be determined explicitly using a pulse generator (see for example
ref. 43). In this method, two pulses of different amplitude are used to
determine a straight line for the amplitude vs channel number response of
the analyzer. The deviation (in number of channels) from this line of
pulse amplitudes inside and outside the range of the two standard pulses is
then determined. A plot of deviation in channel number vs channel number
is obtained, and this correction is applied to each peak location. The linearity
of the pulse generator determines the accuracy of this method.

In the present work, the source under study was counted simultaneously
with suitable standard gamma-ray energy sources (see Appendix C); from
the mixed spectra, energies of the most intense gamma-rays of the unknown

Xgreater than 3 or 41
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source could be determined free of the ambiguities due to count rate variation
In subsequent measurements from which the standard gamma-ray sources
were omitted, energy calibration of the weaker lines in the subject spectra
was achieved relative to the more prominent ones previously calibrated.

The parameters to be determined in equation 6-2 were obtained by means
of a least-squares fitting procedure to the calibration points, i.e., stan-
dard gamma-ray energy vs peak center channel number. The FORTRAN IV
computer program which performs the fit to polynomials of degree 2 through
10 as specified, also computes the energies corresponding to channel numbers=
of peaks from the subject spectrum using equation 6-2 (see Appendix D).
Table III shows the output of data for a Ge66 spectrum run on the SCIPP
104 TP analyzer covering 3200 channels. The constants for the quadratic
equation used in calibrating this run (a second degree polynomial was used
in the majority of runs), A, B, and C are shown along with the energies
E and channel numbers X of the standard gamma-rays. E CALC is the
calculated value of the standard gamma-ray energy using the constants
A, B, and C; the largest difference between a standard gamma-ray energy
E and the computed value E CALC is approximately 0.2 keV. It can be
seen that with B = 0.4 keV/channel, an error of +1 channel in locating
the center of a peak yields a possible error of 0.4 keV in the energy. The
coefficient C of the x2 term in equation 6-2, i.e¢., the correction to a
linear fit, is approximately 7 x 10—7 which amounts to a correction of about
6 keV at channel number x = 3000. For the Nuclear Data ND-160 analyzer
used in some of the experiments, the maximum correction corresponds to
about 10 keV at channel 1000, whereas Freedman, et.al. ,43 report corrections
of 30 keV using the pulser technique to explicitly determine deviations from

linearity. Table Il also shows part of the data obtained for the gamma-rays

of Geb6.



-120-.

TABLETIIT
DFU=T=5SC1PPile GE 66 X10 114250451100 150V

‘ 0.287793595F 01 A
%
O 38,63191 8 00 B
0.721%29432F-06 C
X E E CALC
188.000 74.970 74.839 Pb Ky x-ray
311.500 121.970 122,140 g7
1324,500 511.006 510,948 Nap22
1477.000 569.630 569,608 p;207
1716.000 6614595 661.609 137
2758. 000 1063.580  1063.681 p;207
3041.000 1173.226 1173.152  co®0
CHANNEL NG, E GAMMA
©105.000 44.594
1635.500 65.459
236,500 93.412 (Ga67)
277.500 109.116
1 461.500 181.919
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6.1.3 Gamma-Ray Intensity Determination Using the methods described

earlier for calibrating the Ge(Lj) detectors and determining areas of gamma-

ray peaks, the gamma-ray intensities were calculated in the usual manner:
(%) = (Ai/ni) x 100 (6-3)

where 1 is the intensity, and Ai and T]i are the area and efficiency for
the full-energy peak of gamma-ray 1.

Freedman, et.al. ,44 reported difficulty in obtaining reproducible in-
tensity measurements using Ge(Li) detectors, concluding that more accurate
results could be obtained by experienced workers using NalI(T1) detectors;
Hollander,53 however, is of the opinion that errors encountered :n deter—
mining intensities with Ge(Li) detectors arise from using sources incorrectly
calibrated by other spectrometers. Thus a major contribution to nuclear
theory might be a re-evaluation of gamma-ray intensities by Ge(Lj) spec-
trometers.sj In the present work, problems in obtaining reproducible

intensity measurements with several different Ge(Li) detectors were not

encountered.

6.2 Measurement of Coincidences Between Two Gamma-Rays Coincidence

measurements have been carried out to establish gamma-~ray cascade re-
lationships in the decay of Co56 using the two-parameter ("two—dimensional")
technique exclusively. The equipment used has included a 3 x 3" Nal(T1)
detector with an ORTEC model 113 preamplifier and model 410 linear
amplifier, the 0.85 em” Ge(Li) detector with an ORTEC model 118 FET
preamplifier and model 410 linear amplifiers, a Cosmic Radiations model

801 coincidence unit, and a Nuclear Data ND-160 multiparameter pulse-

height analyzer equipped with an ND-160DG digital gates unit. Both timing
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signals (fed to the Cosmic model 301 coincidence unit) and linear signals
(fed to the multiparameter analyzer) were taken from the model 410 amplifiers
operated in the double-RC clipping mode. Fast gamma-gamma coincidence
signals from the coincidence unit initiated analysis of the linear signal
from both detectors and amplifiers, following suitable attenuation and stretch-
ing. 19 A schematic of the equipment used is shown in Figure 43.

The analyzer was operated in the 256 x 16 mode, i.e., by digital
address selection a portion of the spectrum seen by the Ge(Li) detector
was stored in 256 channels in coincidence with 16 channels of the Nal(T1)
detector spectrum. Thus sixteen 256-channel Ge(Li) gamma-gamma coin-
cidence spectra were obtained; these spectra contained contributions from
both true and random coincidence events. Therefore a second identical
set of experiments was performed with 400 nsec of delay introduced in the
timing signal of one of the detectors. The spectra recorded under these
circumstances corresponded to random coincidence events. The length
of time chosen to store the random coincidence events must be suchas to

correct for the decay of the source during the original experiment from time

t=0to t= t - Thus the random coincidence events were stored from time
t = t1 to t = t2, where t2 is found from the following relationship:4o
1 r, =Atq
t2 = - ﬂln'—2e - 1] (6—4)
where A is the decay constant of the source under study. The condition

2)\t1 < 1n2 must be satisfied so that t2 will be a real number. Further

details of the gamma-gamma coincidence analysis are given in the discussion

. 56
of the results of the study of (105 decay.



-123-

3

SILVD TVLIIDIQ
+ JAZXTIVNY

b

€¥ 3¥YNOld

*ONIOD 1ISVJA

oML

t

"dINVHEd

?.?vao

"dWVIYd

(1L)1eN



S

~124-

CHAPTER VII

NUCLEAR DECAY STUDIES

7. Several studies on the gamma-rays originating from the decay of certain

nuclei have been made using Ge(Li) detectors. Of the studies undertaken,

56 56

to levels in Fe” ", the decay of Ge66 to levels

the decay of Co56 and Mn
. 66 U TI . . ; 68 .
in Ga ~, and the preliminary results of the decay of Ga to levels in

Zn68 are presented herein.

56 105

7.1 The Decay of Co56 and Mn The study of the properties of the

-

. .. 96, . . . . .
excited states in Fe” is of interest from several points of view. One is

the importance of the gamma-rays from the decay of Co56 as high <nergy

standards in gamma-ray spectroscopy; another is the current understanding

of the level density of nuclei in the low energy region.

56 .
The level structure of Fe has been extensively studied through

8,13,58,72,98
nuclear reaction spectroscopy =’ ! and through studies of Co

. , 9 3,95
and Mn56 radjoactiwty? 37,93, The present work was begun to apply

56

Ge(Li) detectors to the latter kind of study. During the course of this work,
7 37

the results of Auble, et.al., and Dolan, et.al., appeared, displaying

excellent agreement with the results of the present study obtained thus far.

The present work was, however, continued since the detectors which had

been used in it were of higher resolution than those used previously and offered

the possibility of detecting expected but as yet unobserved transitions in
Fe56. Also the previous studies of gamma-gamma coincidences were

relatively crude; improved coincidence studies were expected to permit
the identification of gamma-ray cascades and confirmation of the placing

of certain of the excited states required by previously published decay

schemes.



56

7.1.1 Source Preparation Sampies of Co”~ were prepared through the

Fe56(p,n) reaction by bombardment of natural iron targets with 10-MeV
protons from the University of Washington cyclotron in Seattle. In samples

thus obtained, the only impurity activities detected over an observation

57 58

and a small amount of 7T1-day Co~ " ;

period of 18 months were 267-day Co
therefore, no chemical separation of cobalt activity was performed.
Samples of Mn56 activity were prepared by the irradiation of chemically
pure manganese metal (100% Mnss) with thermal neutrons from the Texas
Nuclear Corporation model 9900 neutron generator of this laboratory.
The purity of the Mn56 activity was determined via a half-life measurement;
the decay of the radioactivity was followed with a gas-flow proportional
counter (Figure 44), and the variation of activity with time analyzed by
means of the CLSQ computer program due to Cumming.25 A single decay
period of 2.585 + 0.001 hours was found, corresponding to better than
99.4% of the initial source activity; this half-life value is in agreement
with literature values,()3 and confirms the purity of the Mn56 samples used.
During the radiation measurements, sources were prepared periodically

during the measurement period (approximately 72 hours) so that the count-

ing rate was maintained within convenient limits.

7.1.2 Single Detector Measurements Four of the Ge(Li) detectors fabricated

in this laboratory were used during the course of this work, the largest

of which had an active volume of 8 cm3. Most of the results reported

here on the gamma-ray energy measurements were obtained with the 0.85
em® detector protected from the ambient by a coating of CaF2 (see earlier);

gamma-ray relative intensity measurements reported represent weighted

averages of results obtained using the four detectors. The electronic
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equipment which has been used was described earlier, and in addition,
an ORTEC model 408 biased-amplifier was used in several of the gamma-ray
singles spectra.

Figures 45 and 46 show C056 single-detector gamma-ray spectra ob-
tained by means of the biased-amplifier system. Spectra with an expanded
energy scale covering energy regions of particular interest are shown in
Figures 47, 48(a), and 48(b). The only peaks observed and not assigned
to the decay of C056 are the 122~ and 136-keV peaks from the decay of Co[37
(not shown) and the most intense gamma-ray from the decay of C058 at an
energy of 811 keV. In the present spectra, a previously unobserved peak
at an encrgy of 3598.7 keV was detected; the double-escape peaks are
resolved for the weak transitions of energy 1963.4, 2112.8, and 2213.0 keV
which had not been observed in previous studies. The full-energy peak
corresponding to the 2213.0-keV transition is also resolved from an ad-
jacent peak; this transition had been observed previously only by MacDonald
and Grace72 by means of a triple-crystal pair spectrometer. Table IV
summarizes the results of the present work for the C056 gamma-ray energy
and relative intensity measurements; results of previously published work
obtained with Ge(Li) detectors7 and internal conversion spectroscopy
are shown for comparison. The overall agreement is excellent; particularly
in the relative intensity measurements, the results of Auble, et.al. ,7 and
of the present work are in agreement to within 10% or better, except for

the 978~ and 3202-keV transitions. In no case is there disagreement outside

the quoted uncertainties (standard deviations from the mean value in both

studies. )
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Figure 49(a) and 49(b) show thc gamma-ray single detector spectrum
from M1156 obtained in the present work. The full-energy peak due to
the 3119.3keV transition is resolved here for the first time from the
adjacent Compton Yknee' of the 3370.6-keV transition. Data from this
study on the energy and relative intensity of the gamma-rays from Mn56
are presented in Table V. For comparison, previous results from the

study of the decay of this nucleus by Ge(Li) detectors7 and a bent-crystal

spectrometer95 are also presented.

TABLE V: Gamma-ray energy and intensily measurements

on Mn56

Present Work Auble, et.al.’ Reidy and

Wiedenbeck95
B, (keV) I o8 (keV) L E, (keV)
846.7+0.5 100 846.8£0.5 100 846.79+0.09
1811.0x0.5 29.4 +1.6 1810.9£0.5 30.0 8.0 1810.980.63
2113.0x0.5 16.0 0.9 2112.7x0.5 17.4 £1.7 2110.0 x1.6
2523.240.5 1.6 £0.5 2523.6%£1.0 1.1 £0.15
2658.0=x0.5 0.66+0.06 2657.7%£1.0 0.60£0.10
2960.4 £0.5 0.26+0.03 2960.8%+1.0 0.31£0.06
3119.3x0.5 0.08 £0.04
3370.6£0.5 0.2040.04 3369.5%2.0 0.22+£0.05




T B T I T T T T - T 1 T W
= £6lle-q —— ,...,..m
2 ¥°0962-Q ——5~ 48
— P " . . - )
5 . $
o’L18l1
(70
L)
2 J,b ]
&>
- N . . o - - A4U_ 'm“.
& : . =
eese-a =
> | =
<C -
| o= 0., .LA
1 v_/ o'LI181-S 48 ww._M
1 =3
- o'clz-a 8
w < o
ol b=
i N mRu o~
£'9v8 =3 o
ougl-g———— e
- * — 10|
66°01S
1 1 V | 1 1 . | I ] 1 1 w
8 3 3 S
& 1INNVYHD / SINNOD




COUNTS // CHANNEL

|

",

S
~N
|

R R

D°337D.6—J

~lJ))-

%Mn Y-Rav

2525.2

e L .
. L
S
... L]
pun ¢ *
L]
S
]
- S
p

s
o®

2658.0

$-2960.4

[ ]
»
N
ot

2960.4

FIGURE 49 b

D e e A 31193
3370.6
1 |

.
SINGLES SPECTRUM |

E—

i
—
!
1
i

. W ® wmocam sw -

1
600

1
700_

!
__.800___

1 l
900 1000

 CHANNEL NUMBER '



-136-

7.1.3 Gamma-Gamma Coincidence Studies A series of coincidence measure-

ments were performed on the gamma-rays from C056 in order to confirm
the position of certain transitions in the decay scheme. The Nuclear

Data ND-160 analyzer was employed in the two-parameter mode (see earlier)
to record 256-channel spectra from the Ge(Li) detector in coincidence with
16-channel spectra from the NaI(Tl) detector. The settings were such
that two successive 256-channel measurements (for a total of 512 channels)
covered in the Ge(Li) detector an energy region from approximately 500

to 2700 keV so the highest energy transitions were observed through the
corresponding double-escape peaks. The channels of the NaI(Tl) Spectrum
were set to embrace the full-energy peaks from the 847-, 1038-, ~nd
1238-keV gamnia-rays together with a small portion of the high energy
region adjacent to the latter peak, the energy region covered by the
indicated number of channels in each case determined by digital address
selection.

Following the above measurements, a second identical set of experi-
ments was performed to record spectra corresponding to random coinci-
dence events (see earlier). When corrected for counting-time difference
and source decay (equation 6-4), subtraction of the second set of spectra
from the first allowed correction for random coincidence events.

Extraction of the desired gamma~-gamma coincidence intensities was
then achieved by comparison of the sixteen 512-channel spectra from the
Ge(Li) detector , one with another. Of the 16 channels in the NalI(T1)
spectrum, some embraced both full-energy events from the gamma-rays
of interest and also Compton escape events from higher energy radiations.

At the same time, adjacent but higher energy channels could be selected
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which gave a measure of the Compton escape contribution itself. Sub-
traction of Ge(Li) spectra in coincidence with the latter from those in
coincidence with the former, with appropriate corrections for changes

in intensity of the Compton escape continum from channel to channel, allowed
Ge(Li) spectra to be obtained in coincidence with transitions in Co56 at
energies of 847, 1038, and 1238 keV.

Figures 50 through 54 show the results thus obtained for the gamma-
gamma coincidence measurements corrected for both Compton escape and
random coincidence contributions. The results are further analyzed in
Table VI in which the intensity of coincidences observed is classified

as strong, medium, or weak.

7.1.4 Discussion The present work has produced evidence which confirms
the existence of certain levels in Fe56 and sheds light on certain level

spin assignments. In addition one level observed in the decay of Co56
and one in the decay of Mn56 are presented in the decay scheme of
Figure 55 for the first time. The evidence and its interpretation which

leads to new level data or confirmation of previous assignments is

summarized below.,

The Ground State (0+), 846.6-keV (2+), 2084.6-keV (4+), and 2657.5-keV (2+}

Levels These levels were well characterized by previous studies; the
present data are consistent with the previous energy, spin, and parity

assignments.

The 2939-keV Level The previously reported72 assignment of O+ to this

level on the basis of nuclear reaction studies is consistent with the present



ngos_ . I .—138—- l
D
i %G — Coincidence Spectrum
™ 847 keV Gate
5 500—1600 keV Region
el |

3 “u
IO = .,..'o...:...

1 I
ﬂé» D-177I
. 788
—D |
S——— D-2035
| N— 038
1238

3
g
3
S)
\ e
2 3
e
10— o e ; Lu /L" X
| - . g ° ‘:..

-

‘ FIGURE 50 |
. | . |
0 100 _ 200

o) PP | N e m s



o

Counts/Channel

IC?

10

=139
. I

Sl

FIGURE 51 |, j .

*®Co — Coincidence Spectrum

1038 keV Gate
500-1600 keV Region

1238

H75

| - | ]

Channel

200

Number

1

]




I0°

Counts /Channel

- 140-

8¢Co— Coincidence Spectrum

1238 keV Gate

S500- 1600 keV Region

5 1360

I0

-
q—
w .
N~ /
N~
[ ] é g))
. 0 O
."I.o...ﬁtj é T JO_
.Os..
A "-1';.:.
FIGURE 52
| | |
100 200

Channel Number -




R C‘ounfs/C‘hanne/ ‘

~141~

9xI0° e I T I
B ®®Co- Coincidence Spectrum
o I600-2700 keV Region

s o
" 0 847 keV Gate
b N o m
’ A o & ~
L0 . J 209 s 1™
o ) 'o.o . . | 6 O 2
e%e & . : ON)\’ ) .
) ° l & B
0% — :'\.' Y 4 L k'-J» 3
° o:..'.' oo :| . .. o : é
=3 hd o\, ° N0 o
.N r..' o f4 -

1771

IO - .:.:.:.' .' v
+ :
. o 1238 keV Gate
i .08 (Xi0")
~ FIGURE 53 . . ¢ .'.
l O . .l. oooooo‘ .

100 200

(‘.hnnnel. Niimher



Counts /Channel (X107

Counts /Channel (X10™2)

22

N
O

@

14

13

10

D-1771

*Co y-ray
Singles - Low
f Energy ~

. <t
LX) LO o1
o8 [0)) |(£
- (0))
i
G A
L
2 ';. :.(". o’e .

D-1771

Spectrum - 847 keV
Gate N
[v0]
s 0]
r~ -1
. T 0 ®
ol . & o
o:. . . ~ -.‘“:‘... ] .:. é /

®¢Co - Coincidence

FIGURE 54 s 7
R S TN S W R RN S

100 200
Channel Number



~143-

TABLE VI: Gamma-gamma coincidences in Co5

Gamma-ray in coincidence with:
846.6 1037.6
Annihilation
radiation S S
733.3 a) a)
788.6 w NO
846.6 NO S
977.7 w a)
1037.6 S NO
1175.3 a) m
1238.3 S S
1359.8 m NO
1771.4 S NO
1810.7 a) -
1963.4 w a)
2015.3 m NO
2034.9 m NO
2112.8 a) -
2213.0 a) -
2598 .4 S NO
3009.8 w NO
3202.3 m NO
3253.6 m NO
3273.1 w NO
3451.3 w NO
3548.2 w a)
3598.7 a) a)

s = stromg
m = medium

w = weak
a) = cannot be inferred from present measurements

1238.0
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56 56

failure to observe any evidence of population of it in either Mn or Co

decay.

The 2959.9-keV (2+) Level The energy assignment of this level is con-

firmed by the present observation of a 2213-keV gamma-ray in both the
decay of C056 and the decay of Mn56 together with that of a 2960.4-keV
gamma-ray in the latter decay (a ground state transition). This level

is fed by a beta~-transition with a log ft of 5.4 (evidently allowed) from

Mn56 decay and with a beta-transition from C056 with a log ft greater than
9. The previously proposed 72 assignment of 2+ is consistent with these
observations. The spin assignment together with those for lower lying
levels is also consistent with the present failure to observe de-excitation
of the 2959.9-keV level by 875-keV and 302-keV transitions to the second

and third excited states, respectively.

The 3119.3-keV Level (tentatively 1-) A level or multiplet at this energy

has been previously proposed on the basis of nuclear reaction and radio-
activity studies,72’102 the present work is the first to report observation
of a 3119.3-keV gamma-ray from radioactivity measurements. The present
level scheme shows this transition as de-exciting to the ground state;
there is no reason to prefer alternatives such as tne placing of this transi-
tion as feeding the first excited state as the resulting level (3966 keV)

has not been observed in previous work. The failure to observe population
of this level from the beta decay of C056 and a log ft value for the corres-
ponding transition in Mn56 decay of greater than 8.6 together lead to

level spin assignments of 1-, 2-, or3~ as being most probable. A value

of 3- and octupole character has been assigned to a level at about this
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.. 98 .. . . .

energy by Ricci, et.al. The intensity of this transition (0.08%) together
with single-particle estimates of the transition probabilities for this trans-
ition, require that the E1 transition from a 3119.3 (3~) level to the 2+
first excited state be hindered by a factor of approximately 109 in order
that it not be observed. The assignment of 1- to the 3119.3-keV level,
however, is consistent with the transition to the first excited state not
bei ) ) . . 102

eing observed and with the results of Shapiro, et.al., who observed

decay from this level to the ground state and first excited state in F >6 !
y e \p,p'Y,

reactions, indicating a probable spin of 1.

The 3122.2-keV Level (3+, 4+) Confirmation of the energy assignment

of this level presently arises from the observation of a 1037.6-keV
gamma-ray third in intensity in the scheme and intense gamma-gamma
coincidences between the 1037.6- and 1238.0-keV transitions. This,
together with the population of this level via a beta transition from Co56
with a log ft value of 7.4 and failure to observe such population in the

decay of Mn56 are all consistent with previous7 assignment of 3+ or 4+

to this level.

The 3370.1-keV Level (2+) The present study confirms the energy assign-

ment on the basis of observation, following the decay of Mn56, of gamma-rays
of energy 3370~ and 2523-keV; the energy difference establishes these

as the ground state and first excited state transitions, respectively. The
log ft for the beta transition to this level from the ground state of Mn56
is found to be 5.1 corresponding to an allowed transition. No feeding

of this level is observed in the decay of C056; this confirms a spin for

the level of 2+. This value is also consistent with the observation that the

level is observed to decay to the ground and first excited states with all other

possible transitions being unobserved.
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The 3444 .5-keV Level (3+) The energy assignment is confirmed by the

—

. . D6
present observation following the decay of Co’? of gamma-rays ol energy
2598.4, 1359.8, and 788.6 keV. From the energy differences, it is clear

that these feed, respectively, the first, second, and third excited states
.56 , S . e . , e

of Fe . Gamma-gamma coincidences observed between the 2598~ and

847-keV gamma-rays, 1359- and 1238-keV gamma-rays, 788.6- and 847-

7,93

keV gamma-rays confirm this deduction. The previously propo-ed
spin of 3+ for this level is consistent with the log {t of 7.0 observed for

. 56 . : . X
the beta transition from Co  which feeds it, together with the observation

of the three de-populating gamma -rays listed above.

The 3388-keV Level (6+) The present failure to observe population of this
56 72

. . . 56
level 10815 consistent with previous studies of Mn and Co

The 3450- 3600-keV Levels Levels at these encergies were previously
8,13,102

reported on the basis of nuclear reaction studies. In the present
study, gamma-rays of energy 3451.3 keVoand 3598.7 keV were observed,
the former being in coincidence with the 847-keV gamma-ray. It is believed

that neither is a ground state transition, and both are now assigned as

de-exciting higher-lying levels to the first excited state.

The 3856.0~-keV Level (3+ or 4+) The energy assignment i~ confirmed by

the observation of a gamma-ray of encrgy 3009.9 keV (in cotncidence with
the 847-keV gamma-ray),a gamma-ray of energy 1771.4 keV (in coincidence
with the 1238-keV gammawr-ay), and a gamma-ray of energy 733.3 keV.
Energy differences and the coincrdence relation-hips sctve to confirm

that the first two of these gamnma-rays feed the first and sccond excited

states, respectively. The third evidently feed- the Tevel at 3122 2 keV.
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. 6 )
The parent level is fed [rom the Co5 decay with a log It of 6.5, indicating
level spins of 3+, 4+, or 5+. Observation of intense [eeding of the 2+
first excited state from this level suggests elimination of the 5+ possibility.

. . 36,93 .
Previous studles favor a spin 3 value.

The 4048.5-keV Level (3+ or 4+) The energy assignment conflirmation

is based on the present observation of gamma-rays of encrgy 3202.3 and
1963.4 keV, both in coincidence with the 847-keV transition. This level

. . 56 . .

is fed from the decay of Co by a beta transition of log It = 6.9, suggesting
spins of 3, 4, or 5+ for this level. Observation of preferential gamma-decay
to the 2+ first excited state eliminates the spin 5 possibility. Observation

of the two gamma-rays listed above and failure to observe other possible
transitions are consistent with 3+ and 4+ spin assignments; the possibility

-

of negative parity was discarded by Auble, et.al.

The 4100.0-keV Level (3+ or 4+) The energy assignment is confirmed by

the present observation of gamma-rays of energy 3253.6 keV (in coincidence
with 847- and 1238-keV gamma—rays), and 977. 7 keV (in coincidence with
the 847-keV gamma—ray). This level is fed from the decay of (2056 by a

beta transition of log ft = 6.4. Arguments similar to those above lead to

confirmation of 3+ and 4+ as possible spin and parity assignments.

The 4119.5-keV Level (3+ or 4+) The energy assignment is confirmed by

the present observation of gamma-rays of energy 3273.1 keV (in coincidence
with the 847-keV gamma—ray) and 2034.9 keV (in coincidence with the 1238-
keV gamma-—‘ray). This level is fed by the decay of C056 through a beta
transition of log It value 6.5; as before, a spin and parity assignment

of 3+ or 4+ is confirmed.
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The 4297.9-keV Level (3+ or 4+) The present confirmation ol the energy

of this level is by observation of gamma-rays of energy 3451.3 keV (in
coincidence with the 847-keV gamma—ray), 2212.8 keV, and 1175.3 keV
(in coincidence with the 1238-keV transition). This level is fed in the
decay of C056 by a beta transition of log It 6.5; as before, a 3+ or 4+

spin and parity assignment is confirmed.

+ 7,3
The 4394 .8-keV Level (32) The proposal’’ 7 of a level at about this energy

is consistent with present observation of a gamma-ray of energy 3548.2 keV
in coincidence with the 847-keV transition. The proposed level would be

) 56 .. . -
fed in the decay of Co by a beta transition with a log ft valuec of 6.5.
Observation only of the transition to the first excited state among the possible
de-exciting gamma-transitions would perhaps indicate against spin assignments

of 4.

+ +
The 4445.3-keV Level (2-, 3-, or 4-) The present observation of a low

intensity gamma-ray of energy 3598.7 keV and a similar argument to that
presented for the level described above lead to the present proposal that
the level at 4445.3 keV exists as seenS8 in p,p' and p, & studies. The
calculated log ft for the beta transition from C056 feeding this level is
7.9, in turn consistent with spin and parity assignments of 2-, 3+ or 4+,
Of these possibilities, the 4f values are probably less likely in view of
the observed gamma-ray de-excitation pattern.

Either this level at 4445.3 keV or that at 4394.8 keV could correspond

to the second 3- octupole state observed by Ricci, et.al. ,98 at an excita-

tion energy of 4.4 MeV via nuclear reaction studies.



7.1.5 Conclusion A recent shell model calculation has been performed

C = ) = el d ) N 48
by McGrorySO for F'e)6, Cr’ 1 . and Fo'! assuming a 7’()(/&7’8 core with

additional protons restricted to the [f shell and the two neutrons out-

/2

P 1 I -
side the filled II'7  shell in 1%e being allowed to occupy 2[.)3 I .,_)p] Iy

/ & f&

an(l If ~ [Oh & b,lto‘. (1‘5 1‘ 11 (l.L()l]]l(, D‘[)(,Ctr()b(/()py, (]Udlltll[l states ”](l.y 1)(’
p -
)/ @

characterized by a set of quantum numbers n, 1, aud j; the designation

1f refers to the state with principal quantum number n o 1, orbital

7,2

angular momentum 1 = 3, and total angular momentum j = 7, _’),, The cal-

culation fails to predict the 24 level at 2957 keV which is preswnably due

. - .. 102
to the excitation of protons from the 117/,/2 to the 2p3’/,2 orbit.

The beta-decay of Cojb involves the transformation of a 1f /5 proton

7

neutrons

and will therefore go mainly to configurations containing lf5 N
A

. 30 . .
(as the If shell is filled). The model does predict admixtures of such

/o~
7/2

configurations for the 4+ 2085-keV and (3+ or 4+4) 3122-keV levels;

however, the main concentration of the ”5 7/~ Neutron states would be expected

2 , . D6 :
to lie at higher energy.102 Ihe 3+ and 44 levels in Fe’” could also

be complex mixtures of shell model configurations including:

-2 o e =3 7 _
(11"7/2 ,Jp:;(), 2p3/,21f5//2,J“w$ ot 1)J_3 or 47 (117‘ 5 2Py 2,Jp;,,} or 4;

/

2 -3 2
< J = , h) o . 23 .0
2p3//2 ’JHV—O)J:3 or 4’ (”5/’3 Py 2 ) or 4 2p3/2 A O)J:;j or 4’
(11,720 =43 2p, 2, J =0) and (112 72,0 =25 2p., 2.0 =2)
Wayo 9™ P32 "o T2 Tp T TE3/2 2 Yn T a3 or 4
Since the ground state of C056 (44) is of the (1f i 3;)3/2) configuration,37
/;-

transitions to all but the first of the above configurations are forbidden,
in principle, by the sclection rules for orbital angular momentum transfer,
i.e., they are "l-forbidden." (Exm\pt for the first configuration, a transform-

ation of a Ii'7 /4 proton to a Py neutron is requirved). Thus the hindrance
s T

o v

to the 4+ 2085-keV and (3¢ or 44) 31 22—,

-
of allowed beta-decay from Co
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3445-, and 3856-keV levels (observed experimentally; see Figure 55 for
log ft values) can be understood from the above simple shell model considerations.
. i 56 . 102
The ground state to ground state decay of Mn would require the
transformation of a Py /5 neutron into an f7/,2 proton which is I-forbidden;

thus decay will go predominantly to the states with admixture of the

'3. o) , 3
('f7/2 P =Py /o

. 56 |
figuration is at the same energy in Fe " as in the chromium nucleus80 it

. ation. X -3, / )
) proton configuration. If the (117/2 ; “‘p3/2)J:2+ con

would be expected to mix with the predicted 2+ states, which would explain

the allowed beta-decay to the 3370-, 2960-, and 2658-keV 2+ levels in FO‘36
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. 66 ., . . 66
7.2 The Decay of Ge 6 The excited states in Ga populated in the positron-

66 . . .
decay of Ge are the subject of only one study published thus far in the
i . L 97 . . .
literature; this work by Ricci, et.al., using scintillation detectors for
beta- and gamma-spectroscopy for both single detector and beta-gamma and

o ) . ‘ o ! . 66

gamma-gamma coincidence studies shows levels populated in Ga with a
maximum energy of 760 keV, whercas the ground state decay encrgy of G(\,()()

64

. 66 _ . . )
is 3 MeV. As the Ge activity was avallable from another experiment 100
being undertaken at this laboratory, it was decided to investigate the gamma-
] .. 66 . . . .
rays following the decay of Ge  with Ge(Li) detectors with one objective

being to search for transitions de-exciting levels of higher cnergy than

9
previously obscrved.

) . - 66
7.2.1 Source Preparation The Ge sources were produced by bombard-

o Lo

ing chemically pure, metallic zinc foil with 26-MeV alpha particles from the
University of Washington cycloiron. Following a suitable chemical separation,
which included dissolution of the irradiated target foils in 6N HCl containing
Ge and Ga carriers, and distillation of the Ge fraction as the tetrachloride
into 6N HCI1, the samples were assayed with Ge(Li) detectors, either as
liquid sources or precipitated as the sulfide onto filter paper discs. A
series of spectra were obtained spaced in time so that impurity activities
could be identified from their rate of decay and not assigned to the 2.4-hour
Ge66 activity.

Impurity activities and gamma-rays assigned to these activities include
9.5-hour Ga66 (1040 keV), 78-hour (311()7 (93, 184, and 300 keV), and 40-hour
Ge69 (574, 872, and 1107 keV). Because of the inherent high resotution

of Go(Li) detectors, the prescnce of these Impurity gamma-rays did not

100

affeet the interpretation ol the =pectra as they had in part of the previous V\'()l‘l\'.()7
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7.2.2 Single Detector Measurements Figures 56 and 57 show a gamma-

. 66 .
ray single detcctor spectrum obtained from the decay of Ge™~ using the
0.85 ij Ge(Li) detector and electronic equipment described earlier.
A gamma-ray ol energy 536.9 keV is reported for the first time; the pre-

. 97 , WV
viously reported gamma-ray of energy 185 keV is shown to be resolved
into two gamma-rays of energy 181.9 and 189.8 keV. The previously reportod g
transition of energy 152 keV was not observed in the prescent work, and an
upper limit of 0.5% is placed on 1ts intensity; also the 381 .4-keV gamma-
ray was not found to be an unresolved (with NaI(Tl) detectors) doublet
. 97 : _
as required by Riccei, et.al., for their decay scheme. If the second
gamma~ray were to exist, its encrgy would be 369.0 keV according to the
present decay scheme, and could have easily been detected in the present
work as its intensity was requirced to be approximately 3,31). I'he prescnce
of a gamma-ray of energy 706.3 keVois confirmed. A secarch was made for
. . N ) , 66
higher energy gamma-rays resulting from the decay of Ge™ ", but none were
found which could not be assigned to the longer-lived impurity activities
described above. The peak at 318 keV was also present 1n a spectrum taken
about 15 hours after that shown in Figure 56, but could not be ascribed to
any impurity activity from the information presently available in the literature.
An upper limit of 0.5% is assigned to the intensities of higher energy gamma-
66
rays in the Ge = decay.
Table VII summarizes the data, presenting gamma-ray cnergies and

intensities obtained 1n the present study along with the corresponding data

a7

V7 ,
of Ricci, et.al., for comparison.
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TABLE VII:
Gamma-ray energy and intensity measurements on Ge66
. 97
Present Work Ricci, et.al.
EY(keV) I %/decay Ire1 EY (keV)
44 .6 0.5 94.6%9.5 31.445.5 7810 46 £2
65.54+0.5 23.9%£2.4 8.341.2 23+ 2 68 +2
109.1%0.5 40.8 4.1 13.6 £1.8 46+ 9 114 £2
A2 2 152 %4
181.9 0.5 13.6+1.4 4.6+£0.7
189.8 0.5  20.3:2.0  6.8+1.0 47£10 18544
245.7 +0.5 22.042.2 7.3£1.0 1449 245 45
272.6 £0.5 37.74+3.8 12.6+1.8 40+4 270410
301.8 £0.5 12.84+2.4 4.3£0.7 1345 30010
336.7 £0.5 18.7+3.8 6.2%£1.0 40+9 33548
381.440.5 100 33.3+£4.5 100 380 +8
405.5 +0.5 2.04£0.4 0.7+0.2 1244 405+10
470.4 +0.5 38.6+3.9 12.9+1.7 4044 470410
(515) (40) (13)
536.940.5 24.7+2.5 8.2+1.2
706.3+0.5 4.34£0.9 1.4£0.4 5+ 1 710 £10

The gamma-ray of energy 515 keV was not observed
in the present work (see below); because the 511-keV full-energy peak
due to annihilation quanta is broadened, in addition to detector contributions ,
by the Doppler shift of annihilation quanta energy due to the motion of the
electron-positron system at the time of anm’hilation,43 a postulated 515~
keV gamma-ray would not be resolved from the 511-keV peak. The intensity
ratio of the 511- and 515-keV peaks would also contribute to the failure to
observe such a gamma-ray in the present work.

The agreement in gamma-ray energy and intensity between the two

studies as shown in Table VII is within the quoted experiemental uncertaintios
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except for the relative intensity of the 405-keV transition. The inclusion
of the 515-keV gamma-ray in the present work results in an additional
uncertainty of approximately 5% in the intensity per decay values and is
included in the above uncertainties.

The decay scheme derived from the present measurements is shown in
Figure 58; the intensities of positron and K-capture decay to the various
levels were calculated from the present gamma-ray intensities and K-capture

. . . 6
to positron ratios given in the Table of Isotopes. 6 If the 515-keV transition

were not included in the decay scheme, the log ft value for the decay to the
515.0-keV level would be increased by 0.2, and that of the 381.9-keV level
decreased by 0.1; thus, the intensity of the 515-keV gamma-ray, whether
included or excluded from the scheme, has little effect on the choice of
spin and parity values for the levels.

The main features of the decay scheme of Ge66 as shown in Figure 58
are in agreement with that proposed by Ricci, et.al. ,97 with the following
important differences: A new level is presently proposed at an energy of
536.9 keV. Because the 369-keV transition proposed by Ricci, et.al. ,97
was not observed (750.0-keV level to 381.9-keV level), the level at 381.9 keV
is assumed to be populated by approximately 45% of the total ground state
decay of Ge66 (as compared to -2 + 6% proposed preViOusly97)_ Ricci, et.al. ,97
reported finding two positron groups of end-point energy 1.3 + 0.1 and

2.0 + 0.2 MeV whose relative intensities were approximately 100% and

10%, respectively.

7.2.3 Discussion of Results The decay scheme presented in Figure 58

was derived from the results of the present work based entirely upon the
. 97
framework of the previously proposed decay scheme and the energy sum
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rule for the more accurate gamma-ray energy determinations obtained with
the Ge(Li) detector. While the decay scheme presently obtained is consistent

in energy and intensity balance, certain anomalies are apparent.

- 6
The Ground State (O+) The ground state of 9.5~hour Ga)() has been measured

to be O+.

The 44.6-keV Level and 109.5-keV Level (0+ or 1+) The energies of these

levels are proposed [rom the observation of the 44.6-keV, 65.5-keV, and
109.1-keV gamma-rays in the present work and cascade proposed by Ricci,
et.a1.97 on the basis of observed gamma-gamma coincidences. T'he log

ft values for beta-transitions to these levels, 7.1 and 7.5 respectively, point
to spin and parity assignments of O+ or 1+. The intensities and pattern

of decay of the observed gamma-rays lead to the probable exclusion of

97

the negative parity values in agreement with Ricci, et.al.

The 355.2-keV Level (2-) The position of this level is established from

the detection of the 245.7-keV gamma-ray and the level at this energy
(360 keV) proposed by Ricci, et.al.97 The log ft value of greater than
8 leads to possible spin and parity assignments of O+, 1+, or 2-. The
choice of 2- would seem to explain the absence of an observed transition
to the O+ ground state, however, one would still expect to observe a
transition corresponding to the de-excitation of the 355.2-keV lovel to

the O+ or 1+ first excited state.

The 381.9-keV Level (O+ or 14) Gamma-rays ol energy 381 .4, 336.7, and

272.6 keV were observed in the present work in agreement with similar
L. 97 . Do
results of Ricci, et.al., and their coincidence measurements. Tho

66 _ o )
log ft value for Ge = decay to this level of 5.5 ((\-Vldonl'.]_y allowed) and the
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observed gamma-transitions are consistent wita O+ or 1+ spin and parity.

The 515.0-keV Level (O+ or 1+) The energy assignment of this level is

made on the basis of gamma-rays of energy 470.4 and 405.5 keV feeding

the first and second excited states, respectively. The log It value of 5.5
. 66 . .

for the feeding of this level by decay of Ge points to possible spin and

parity assignments of O+ or 1+.

The Remaining Levels The positions of the remaining levels at encrgies

of 536.9, 571.7, 657.0, and 750.9 keV were established on the basis of
the energy relationship among the observed gamma-rays and the previously
proposed97 decay scheme. The pattern of gamma-ray de~excitation from
these levels (all apparently O+ and/or 1+) is peculiar in that higher energy
transitions to states of similar spin and parity which would be expected

to be favored are not observed. Coupled to this is the fact that although
Ge66 has a decay energy of 3.0 MeV64, the highest postulated level fed

by beta decay is 751 keV. Thus there is a possibility that certain of

the transitions postulated as de-exciting the levels discussed above which
show anomalous character could be part of cascades from higher energy

levels (above 751 keV) to the lower established levels.



-161-

L 68, .., 08
7.3 The Decay of Ga’® The levels in Zno populated 1n the positron decay

68 )
of 68-minute Ga have been studied by observing decay gamma-rays with
Ge(Li) detectors. The results which have becn obtained are 1n agreement
O

with previous studioes. but a= ¢aplained Betow, the results arc to bhe

taken as of a preliminary naturc.

7.3.1 Source Preparaticn Sources were prepared by two different nuctear

reactions which airded in differentiating between gamma-ray~ from the
nucleus under study and {rom impurity activities. In one method, metallic
targets of chemically pure zine were Irradiated with 26-MeV o alph: particlcos
at the Umversity of Washington cyclotron. After a period of approximately
two months in which all of the germanium and gallium activities, except
Ge68 (280 da_y), werce presumed to have decayced away, the GO68 activity
was separated by the method as previously described. The reportedly
68 68 i

pure electron-capture decay of the Ge to Ga provides the required
activity.

Sources were also prepared by irradiating chemically pure gallium
metal with 14 MeV neutrons from the Texas Nuclear Corporation model
9900 neutron generator of this laboratory. Activity produced includes
Ga68 by the Ga69(n,2n) reaction, Ga?o by Gam (n,2 1), an‘)m by Gab()(n’p)‘

Tl : : ;
and Zn7] by Ga (ll,p) reactions. No chemistry was performed,

7.3.2 Single Detector Measurements The gamma- ray single detector spectram

L4

obtained with the 0.85 CmB Ge(Li) detector for a Ga’® sourcc prepared by the
first method desceribed above is shown in Figures 59(a), (L), The re-ulis
obtaincd for the determination ol gamma-ray energies and inten~itics are
shown in Table VI these include results obtained with the 8 (‘m5 Ge(la)

. 638
detector and a Ga source proepared by neutron-irradiation.
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TABLE VILI:
68

Gamma -ray energy and mtensity measurements on Ga-

Provm Woen Taylor and McPhe peon
E (keV) L T decan L, E (McV)
v " N t ¢
06 1t 5 20 D10 j2 (.80
YOTT7 . 42005 a) 10O 5.0 b) 100 1.077
1262.0+0.5 3.6 O.18 4 1.26
0.8 173 (2)
1883 4 20.5 4.0 .18 1.2 187
2339 1) SO 0,13 2,32
a) 1077.6 0.8 keV mcasured with a Go(LJ‘) detector by Robinson, ot. al . .w

in Coulomb excitation ot ZnbdY

b) assuming the positron branching ratio of reference 64.

The fairly intense peak at 458 keV shown in Figure 59(a) has not beon
) ] G 68 .
assigned to the decay of Ga as it had not been detected in the measuraeiment
, 4 e 3 -
on the neutron-irradiated source using the 8 ¢ detector. Gamma-rays noi
detected in both the samples prepared cither by alpla~irradiation of zine or

neutron irradiation of gallium were destgnated as due {o Mpurity activitie-

TABLE IX: Encrgies of gamma-rays assigned to IMpurity activities

Present Work

E\{ (keV) Source

})l"\*_\flull.‘a Studies

E_(keV) Reference
1

1343 an‘)m 13y o3
4847 ZnT! 48K 68
621 | ZnTim 620 OR
1037 .8 Gall TR 6
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APPENDIX A

FOUR-POINT PROBE

A. The design of the four-point probe for measuring resistivities of

surfaces of the germanium crystals was taken from Valdes122 and 1s shown
schematically in Figure A1. The probe itself consists of four steel pins
arranged in a line and about 1 mm apart, imbedded in a block of Teflon.

Current is passed through the two outer pins, and the floating potential

is measured across the inner pair of pins. The source of DC-current

was a 1.5 volt battery, the current was measured with a Triplett model 630-
PLK volt-ohmmeter, and the voltage with a Hewlett-Packard model 419A DC-null

D
voltmeter. For equally spaced probes, the resistivity is given by1“2

P =(V/Dams  (Q-cm) (A-1)

where V is the measured floating potential difference between the two
inner probes in volts, I is the measured current through the outer pair
of probes in amps, and s is the spacing between the probes in ecm. For

probes 1 mm apart, equation A-1 becomes:
P =0.63(V/I)  (Q-cm) (A=2)

which is valid for measurements taken a distance L 2 3 mm from an edge
of the crystal. For measurements taken near an edge of the crystal (axis of

probes parallel to edge), a correction factor F must be added:
pooe, F(I./s)  (C-cm) (A-3)

where @ is obtained from equation A-2, and the correction factor F is

)
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. 122
taken from charts given by Valdes . A test of the four-point probe was

made on a sample of germanium of 35-37 Q -cm resistivity (data supplied
by manufacturer). An average of 8 measurements on one surface of the

lapped crystal yielded:

). 028 volts

< o
p = 0.63 0.0005 ampb! = 35.3 Q-cm
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APPENDIX B

CRYOSTAT DESIGN for Ge(Li) DETECTORS

B. Cryostats have been constructed for maintaining Ge(Li) detectors
at 77OK and under high vacuum. The overall design of the cryostaits was
. 21 . . "
based upon that of Chasman and Ristinen as shown in Figure B1. The
. . . 64
detector mounting pedestals were based upon a design of Miner ', and

three modifications were built for use in the present work, as shown in

Figure B2.

B.1 Basic Cryostat Design As shown in Figure B1, the outer va~uum

jacket has been constructed of stainless steel; the vertical copper cold-
finger is silver-soldered at the bottom of the outer jacket and extends into
a Linde LD-25 "super-insulated" dewar. The horizontal copper member
of the cold-finger clamps onto the top of the vertical member and is drilled
to receive the aluminum detector mounting pedestal. The end-cap is of
aluminum, and the electrical feed-through is a Microdot S-93 hermetically
sealed connector which is mounted on the cryostat with low vapor-pressure
epoxy cement (Varian Assoicates, "Torr Seal"). The back wall of the
vacuum chamber is drilled and tapped to receive a thermocouple gauge

tube (HaystingS—Raydist DV-6M) and suitable high vacuum valve. The
original model used a 1 liter//sec ion pump to maintain the vacuum; however,
later models have used activated charcoal as a cryo-adsorbant which when
cooled to 77OK was capable of maintaining pressures below 10—5 mm Hg.
Thus the dependence upon electricity for running vacuumn pumps has becn
eliminated. Number 30 enameled copper wire used betweein the

electrical feedthrough and the detector contact provides the necessary
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bias and signal connection between detector and preamplifier. The capacitance

due to this system has been measured to be approximately 3-4 pf.

B.2 Dectector Mounting Pedestals The three modifications of the detector

mounting pedestal which have been used in the present work are shown 1n
Figure B2. In modification A, the detector is held vertically so that radia-
tion impinges on the lace of the detector. As shown, a brass machine scrow .,
which has been drilled to reccive a length of spring stecl wire onto which

is afixed a Teflon insulator and copper contact, 1s threaded into the basce of
the aluminum pedestal. Modification B is essentially identical in con-
struction to A, cxcept the detector is held in a horizontal position; this

mount which has been used in the Cal’ -coating procedure is shown 1n groate i

2
detail in Figure 25.

Modification C has been used for larger volume Ge(Li) detectors.
For these detectors, the aluminum cap and supporting flange on the cryostat
body have been enlarged. In this configuration, the detector is held on the
pedestal by the copper contact which is afixed to a Teflon bar which in turn
is held by two stainless steel screws. This mounting pedestal design permits

rapid mounting of the detector, so that exposure of the freshly etched surface

to the ambient is minimized.
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APPENDIX C

STANDARD GAMMA-RAY ENIERGIES USED

m CALIBRATION MEASUREMENTS

C. The energres of the gamma-ray ~tandard- Histed below wore
. 65 .
taken from Ledoerer. ctoatl. ., and relerence - crted the roan.,
Gamma-Ray Knorgy (k) Source
. 25 .22
511,006 ¢0.002 (u ¢) Na
_ N 20
F274.53 2u. 10 Na™"
- ; . 24%
1368 526 100, (344 Na
o S 24%
2753.92 20,02 Na
12197 £0.05 Co'SI
136 33 +0.04 Go2
VAT 22610, 0040 C()()U
. . . 60
1332.483+0.046 (/ob(
661.595+0 076 ca
20
569,63 10,08 207
- . ) 20)
1063.58 10,06 B) [

20 .
* Produced by the A17 (1, ) reaction using 14 MeV neutrons from
the Texas Nuclear Corporation model 9900 neutron gencrator of thi

laboratory: atl other ~curce= obtnned commercially .
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APPENDIX D

FORTRAN PROGRAM "MFIT"

D. A FORTRAN 1V computer program, MEPTI'T, has been used extensively
for determining calibration constants and gamma-ray cnergies in Goe (1.1}
spectroscopys  the program was run on the Simon Fraser Umiversity 1BM
system 360740 computer. The program consists of the MAIN program which
controls the 1mmput and output of data, subroutine subprogram PFIT written
by Mr. R. Ferguson of this university, winch performs the least-squarves
fitting and computations of the constants of the polyvnomial («»quzilmn 6-2Y,
and function subprogram GCALC which calculates gamma-ray cnergics [rom
the constants and channed numbers.  The subroutine PIFTT performs the
least-squares hHithing procedure of the standard gamma-ray energies and
peak locations (channel numbers) to polynomials starting with the specified
degree M up to degree 10, The program compilation at the end of this

-

section goes to degree 5, controlled by statement number 35 of the MAIN

program. Any number of scts of data can be run.
A typical data deck will consist of the following:

CARD 1: BLANK
CARD 2: COMMENT CARD containing experiment identification, etc.
CARD 3: CONTROL CARD

123456 74——-(0()1. numbers)

M N T NX

where M is the degree of the fiest polynomial fit (normally 2),
Ns the number of data cards with standard gamma-ray encrgics
and channel numbers, and NX 1s the number of data cards with
channel numbers for which the energy 15 to be calculated

CARD 4-N:  Standard gamma-ray cnergies (co]m l—]()) and channel no.
(cols. 11-20)

CARD 5-NX:  Channcl numbers of gamma-ray peaks whose energres ave
to be calceulated (cols. I—l())
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LAST DATA CARD: BLANK if another data set follows (i.e., first card
of following data deck), or containing the number

"3" punched in col. 2 if final card of last data deck.

A listing of a typical data deck is as follows:

GA 67 X10 40650051 60 150V 7712767 - COMMENT CARD
2 6 16 - CONTROL CARD
12197 1650
511006 76660

749 .4 1134,0
846.6 12860
10179 154240
10376 15820
1205
2350

76165
299 «5
398.0
41440
44045

58,5 NX = 16

5510
584.5
Ta0eS
76640
106340
12070

13480
15815

(A.typical data output is given in Table III)
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FURTRAN IV G LEVEL 0, Mo 0 PEL OATE = K7298
QuCl SUBRRUOUTING PIIT (MyNNyCaY,yX)
D02 DIMENSTON XT100)Y,YU100) 3 ATy 11)oBL11)},CLLL) 4P (20)
0003 N ER = NN
0004 1111 MXP = Mwp
0005 [RAR BT B WA D )

Jaos Pel) = 0.

oo/ NS5 =1y NUMRER

cous 5 PCIY = PLTY + X (J)*%]
0uuo NoM AL SR
coln (IR EEST B | ;FIW—_'GVVN-‘ -
N1l DT 6 J=14N

0012 K = [+4=2

0013 [FUKY T4 7,8

QO1% 8 AT, ) = P(KY

g01% oI 6

JO1 6 I Ally1) = NUMRIR

Q017 H CUNTINUE

0018 Bi1) = 0.

cO19 D010 J =1 4,NUMRER

ac 20 10 n{1) = BRIL)I+Y(J)

QG -1 Byl I=2,N

0022 “F) = 0.

00723 D11 Jd=1,NUMBER

Q024 L1 L) = BLTY 4 YOI IAX (= (I-1)
00es Moo= N=- ]

SIS P12 K o=1,NM]

aop i KPPl = K + 1

DIV = XK

Juz29 ney 13 [=KPLyN

0030 TELARSTALTWKY) = ABS{TALLWK})) 13413,14
U031 14 L = 1

Q0372 13 CUONTINUE

0033 IFE-K)Y1S, 15416
0034 1 & P 17 J=K,yN
003H TEMP = A(K,J)

N0 36 /\(V-yJ) = /’\(l!J)

Q37 17 ACE 9 3) = TTMP

0038 TEFMP = f(K)

0029 Hi{KY = B

0040 ROL) = TEMP

0041l 15 PO 12 T=KP1yN

0042 FACTOR = AT K}Y/A(K,K)
0043 AT LK) = 0.

0044 DO 18 J=KP1,N

0045 1R AMTed) = AllyJd) = FACTOE®A(K, J)
0046 12 B0L) = BO1) = FACTOR%R(K)
0047 CIN)Y = BIN)}/AINyN)

0048 1 = NM]

0049 19 Pl =1 + 1

0050 SUM = 0.

0051 NO 20 J =TPL,N’

00%?2 20 SUM = SUM + A(L,J)*C(J)
Q0453 COT) = (8¢1Y = SuUMI/Zacl, )
00454 I = 1 - 1

0055 [F{I)21,21,419

00%6 21 CONTINUE

0057 RETURN

0058 END
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FORTRAN IV G LEVEL O, MOD O GCALC DATE = 67298

0001 B S FUNCTIUN GCALC (CyZ7 4 M)
0002 PIMENSTON CU11)
0003 GOALC CIM + 11}

00J4 noo1 = 1y M
goos 1. . GCALC = GCALC * Z + C(M#1-1)

0006 RETURN
_goor END.

M o—=n




