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FABRICATION AND OPTICAL PROPERTIES OF POROUS
SILICON *

J.R. Payne
Department of Physics

Sam Houston State University
Huntsville, TX 77341

ABSTRACT

During the past several years, considerable interest has been generated by the possible
use of porous silicon in the fabrication of electronic devices. This paper discusses the
process by which porous silicon can be fabricated and procedures for controlling pore
size. Infrared absorption spectra are presented to show the time dependent oxide forma-
tion in the pores as well as the changes in the spectral region containing the crystal's pho-

non modes.
INTRODUCTION

The anodization of silicon to form porous silicon
was first reported by Uhlir and Turner in the late
1950's 1.2, In recent years, there have been
several papers published on a material known as
porous silicon (PS) 3-10, This material has been
investigated for use in electronic device technol-
ogy, high quality mechanical filters and, at Sam
Houston State University (SHSU) and the Tex-
as Accelerator Center (TAC), for novel crystal
accelerators.

In electronic device technology, porous silicon
has been investigated to facilitate very-large
scale integration (VLSI). In this capacity, the
silicon substrate is anodized slightly to create a
porous silicon layer of 20-50 pm. This PS layer
has a reported average specific surface area of
200 m2/cm3 34, which is 2x10° times greater
than that of a bulk wafer. Because of this large

Jim Payne graduated from Sam Houston State
University (SHSU) in August 1989 with a BS
in Physics He is currently a first year graduate
student in the Graduate Physics Program at
SHSU. He is the past SPS Associate Zone
Councillor for Zone 10 and past SPS Associate
Zone Councillor Representative. He did this
work while a senior and currently is still in-
volved with the Texas Accelerator Center on the
crystal, X-ray accelerator project.

specific area the PS layer will oxidize very
quickly in a laboratory atmosphere. At tempera-
tures of 1000 C the rate of oxidation is 10 to
1000 times greater than that of bulk silicon 5.6,

The main advantage of having a PS layer on the
substrate instead of epitaxing an insulating SiO;
layer is that the Si-substrate epitaxed with SiO7
is too sensitive to wafer bowing and device fail-
ure during construction and or operation. The
epitaxed layer, SiOy, has a different thermal ex-
pansion coefficient than that of the substrate.
This causes the device to be too temperature sen-
sitive by creating unwanted Schottky barriers
and parasitic drain capacitances outside a narrow
range of operating temperatures. In some in-
stances, the device will physically break if the
temperature stress becomes too great 3. With a
Si/substrate:PS/layer, these problems are no
longer as formidable because the PS layer is sin-
gle crystal silicon 78 and thus the expansion co-
efficients are the same.

Porous silicon may be used as a high quality
mechanical filter. This requires that the PS layer
be lifted off of the anodized substrate in one
piece, thus becoming a PS membrane with
thickness determined by the thickness of the an-
odized surface layer. A method for this removal
has been perfected at Texas A&M University
(TAMU) and has had some limited success here
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at SHSU. The problem with having a PS mem-
brane filter is that, over time, the membrane will
no longer allow the filtered gas to pass through
due to oxidation of the pores 3.

Recently, at SHSU, a study of porous silicon
has been initiated to see if it may be used as a
material that will be compatible with current the-
ories for solid state, crystal X-ray accelerator
technologies proposed by Tajima and Cavengo®.
The small pores would act as channels to allow
X-ray acceleration of muons or heavier, posi-
tively charged particles to very high energies
(Tajima and Cavengo® have proposed that the
acceleration gradient would be 10 TeV/m ).
This theory relies upon the periodic structure of
the crystal lattice for resonance and accelerating
potential. Porous silicon appears to have the
correct periodicity to fit the existing theoretical
model.

THEORY

The formation of porous silicon layers on silicon
wafers is an electro-chemical process of anodic
oxidation in hydrofluoric (HF) acid.. In a con-
centrated HF solution (48%-52% by volume),
the following reaction occurs at the surface of a
substrate 3 :

Si+2HF + (2-n)h ->SiF2 +2H +ne (1)

where h represents a hole, e an electron, n<2
and is related to the conduction and valence band
efficiencies.

The SiF7 is an unstable substance that reacts
with HF acid forming silicic acid (H,SiFg) and
hydrogen gas (Hj) via the following reactions 3:

SiFp + 2HF -> SiF4 + Hp (2)
SiF4 + 2HF -> H3SiFg 3)

A porous layer is formed on the surface of the
substrate during dissolution. Because of the
needed holes (Equation 1), heavily doped p-type
silicon works best since the majority carriers are
holes. Anodic dissolution can occur with n-type
silicon, but since the majority carriers are elec-

trons, holes must be introduced. This may be
done by illuminating the surface with high inten-
sity light of wavelength less than 1200 nm. At
these wavelengths electron-hole pairs will be
produced in the substrate 3.

The dissolution of silicon in HF acid is a tetra-
valent dissolution and occurs both laterally and
perpendicularly 3. Under the presence of an
electric field, a divalent, perpendicular, porous
dissolution can occur, but only up to certain cur-
rent densities 3. Once a critical current density is
exceeded, electro-polishing occurs and the dis-
solution is tetravalent. This critical current den-
sity depends upon the impurity doping concen-
tration of the silicon.

While the porous silicon is forming, its thick-
ness and pore diameter are functions of the cur-
rent density and anodizing time. The current
density above all others is the factor that controls
the pore diameter.

PROCEDURE

Two designs of anodizing cells were used in the
investigation, both made of polyvinyl chloride
(PVC) parts that tested HF acid resistant {see
Figures 1&2}. Both designs contain a vertically
mounted silicon wafer that separates the cell into
two chambers filled with electrolyte. This de-
sign allows for a more uniform ohmic contact

DC
power
supply
—> +
7
%
i
%
HF ﬁ HF] R
Pt Electrode Silicon
Wafer
Figure 1

Design number 1 of the anodizing cell. This is the small
cell. The circuit used to provide power is shown
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with the electrolyte and facilitates easy removal
of the Hp gas bubbles that form during the reac-
tion at the silicon-electrolyte interface. Both de-
signs use platinum (Pt) electrodes that were fa-
shioned from Pt wire and soldered to 26 gauge
aluminum wire. A variable dc-power source
was used to supply current (Lab Volt - Model
73P). A 200 kW resistor was connected in ser-
ies to provide a more stable current . The first
design, shown in Figure 1, was limited to small
samples of cross-sectional areas of 1 cm? and
thickness of 2 um. The second design, shown
in Figure 2 was more useful because it was
adaptable and could accept various wafer sizes
from 0.25-2 inches in diameter with thickness
up to 1.5 inches.

The silicon wafers used for analysis were p-
type, containing a wide range (104-1018 B/
cm?3) of doping concentrations 15. The wafers
were highly polished on one side and lightly
polished on the other side. No detailed charac-
teristics of the samples, such as crystal plane or-
ientation, resistivity or exact doping concentra-
tions were available. One sample, however,
was (1,1,0) oriented. It was heavy p-type with
boron concentration of 1017-1018 B/cm?3 and
was 0.3 mm thick 1. All other wafers were 0.5
mm thick.

Before anodization, the wafers were given a 30
sec dip in a dilute etch solution of HNO3, HF,
and glacial acetic acids in a volume ratio of
5:3:3. The wafers were then rinsed with dis-

Pt Electrode
+ -

HF HF

1
Silicon Wafer

Figure 2
Design number 2 of the large anodizing cell

tilled water and cleaned with acetone. If the first
cell design was used, the wafer was placed be-
tween to rubber gaskets and the two chambers
of the cell were tightened around the wafer until
a water tight seal was formed. If the second cell
design was used, the sample was first waxed
onto the adaptable mount with a wax used to
hold semiconductor boules for cutting and
polishing. This wafer-waxed-to-mount seal was
then tested for water tightness with distilled wa-
ter. Upon a successful test the mount was in-
serted between the two chambers which were
then tightened until a water tight seal was
formed.

After the sample was mounted in either cell, a
solution of 70% volume of HF and 30% volume
ethanol was added to each of the two chambers.
The ethanol provides for smoother electro-
polishing 103, The power supply was adjusted
so a current density of approximately 80 mA/
cm?2 was maintained. This current density has
been reported to be the ideal current density to
form pores with a mean diameter of 20 A in a
heavy doped, p-type wafer 3.

When the current in the cell flows cathode (posi-
tive) to anode (negative), across the electrolyte
solution, the anodization and subsequent pore
formation occurs on the wafer surface that faces
the anode. In this investigation, the polished
side of the wafer's surface faced the anode. Im-
mediately upon application of current to the cir-
cuit, Hp gas bubbles boil away from both Pt
electrodes and from the wafer surface being an-
odized. Little or no H gas bubbles appear on
the other wafer surface. The wafers were anod-
ized for times ranging from 20 min to 2 hours.

After completion of anodization, the samples
were cleaned again by the same method used in
their preparation, but with only a 10 sec. dip in
the etch solution. The newly anodized wafers
were then placed under vacuum (10-3 torr) to re-
move any remaining electrolyte, or placed in hot
box at 50 C overnight to help dry out the sample
and speed up any oxidation wanted.
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Figure 3
Transmission Electron Microscope photograph of the
fractured surface of the 100 mm PS film. Along the sur-
face, along the slant, a system of pores can be seen.

DISCUSSION OF RESULTS

The wafers underwent visually discernible phys-
ical changes during the anodization process.

The polished surfaces that were exposed to
anodization were discolored compared to the rest
of their polished surface. They appeared light to
dark blue-gray in fluorescent light. With some
of the wafers, this discoloration was not blue-
gray, but golden brown.

The sample with known orientation had already
been anodized and contained a loose removable,
100 pum thick PS film which had a mean pore di-
ameter of 20 A [3]. This pore size was deter-
mined by the Brunhauer-Emmett-Teller method
(BET) of gas absorption 12.

The samples were investigated by scanning elec-
tron microscopy (SEM), transmission electron
microscopy (TEM), and Fourier transform in-
frared spectroscopy (FTIR). Unfortunately, the
SEM work was too inconclusive to report here.

Because of its small size, the 100 um sample
was the only sample investigated by TEM 16,
Here again the results are not that conclusive.
Figure 3 is a TEM photograph of the 100 pm
thick PS sample at a magnification of 3 x 104.
This shows a fractured surface of the porous

material. Along the diagonal of the photograph
(represented by arrows) a system of pores can
be seen. The pores are represented by the dark
spots on the white background, and are created
by channeled electrons.

The FTIR data were taken with a Bomem
DA3.01 Fourier transform spectrophotometer
fitted with a potassium-bromide (KBr) beam-
splitter and mercury-cadmium-telluride (MCT)
detector. The typical absorbance spectrum at
room temperature for a p-type single crystal of
silicon appears in Figure 4. Closer examination
in expanded scale of the expected phonon spec-
trum for this material is shown in Figure 5.
These spectra were used as references for the
anodized, porous samples.

The phonon spectrum of a slightly anodized (10
min at 20 mA/cm?2), p-type silicon substrate, 2
mm thick is shown in Figure 6. A comparison
to Figure 4 reveals new features in the spectrum
at the spectral regions near 2100 and 2900 cm-!.
For wavelengths larger than 1800 cm-!, the ex-
pected silicon phonon spectrum is completely
covered by a multitude of absorption peaks.
These new features are the vibrational modes of
silicon-monohydride (Si-H) and silicon dioxide
(Si0y) 13, The spectrum for the 100 um orient-
ed film which contains average pore diameters
of 20 A is shown in Figure 7.
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Figure 4
Typical absorbance spectrum at room temperature for a
single crystal of p-type silicon.
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There are similarities between the 100 pm PS-
film and the thick, slightly anodized sample in
the spectral regions near 2100 and 2900 cm-1.
These peaks are again attributed to complexes
such as SiO7 and Si-H which have formed in the
pores. These complexes continue to form for an
extended period of time after anodization. The
absorption peaks as a function of time in the 100
um PS-film are shown in Figure 8.

In conclusion, we have seen that the anodization
of silicon to form PS physically changes the ap-
pearance of the surface to the unaided eye. Por-
ous silicon contains a network of pores whose
diameters can be controlled by current density,
dopant concentration, and HF concentration,
This anodization does not destroy the crystalline
structure of the silicon, but creates two new fea-
tures in the phonon spectrum (Si-H and SiO3).
The concentration of one of complexes, SiO»,
increases with time in an ambient atmosphere.

Currently, there are plans to perform proton
channeling experiments on the porous films to
measure the straightness of the pores.A study is
planned of reactions of the PS layers in various-
ly controlled atmospheres, and of annealing ef-
fects at different temperatures within these at-
mospheres.
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Figure 5
Expanded scale of the expected phonon spectrum at room
temperature for a single crystal of p-type silicon.
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Figure 6
The phonon spectrum of slightly anodized p-type silicon.
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'MAXWELL'S EQUATIONS' FOR GRAVITATION

Amanda J. McDonald
Department of Physics
Southern Nazarene University
Bethany, OK 73008

ABSTRACT

The 'gravomagnetic' field of a uniformly moving mass ! is generalized to time-dependent
situations. The result, though non-rigorous, is a set of 'Maxwell's equations' quite simi-

lar to those of electrodynamics.

1. H. Kolbenstvedt, Am. J. Phys. 56, 523-524, 1988

INTRODUCTION

In a recent article, Kolbenstvedt ! derived an ex-
pression for the 'gravomagnetic' field produced
by a uniformly moving mass at the limit of small
velocities. Except for a factor of 2, the result is
identical to the prediction of linearized general
relativity.? The appeal of this approach is its
simplicity, making it available to undergraduates
familiar with electrodynamics and special relativ-
ity. This paper is an expansion of the derivation
to include time-dependent 'gravoelectric' and
‘gravomagnetic' fields and the accompanying
‘Maxwell's equations' for the 'gravomagnetic'
system.

Besides the practical value of being able to esti-
mate ‘gravodynamic' fields by borrowing solu-
tions from electrodynamics, our derivation of
‘Maxwell's equations’ for the 'gravodynamic'

Joy was a senior at Southern Nazarene Universi-
ty in Bethany, OK when this research was com-
pleted. She spent a summer studying atomic
physics in Los Alamos, New Mexico. She is
now working as an insurance actuary.

field, though non-rigorous, is a useful exercise
in using known or assumed constraints to sug-
gest the form of the field equations. In this
way, one can build intuition of what to expect
qualitatively from the result of a rigorous deriva-
tion.

The ‘Gravomagnetic Field'

This section is a review of Kolbenstvedt's ! der-
ivation of the gravomagnetic field. Consider a
particle of mass M moving with constant veloci-
ty V along the positive x axis of the laboratory
frame, where V << 1 (in units wherec = 1). M
is the source of the gravitational field:

g=-Vo¢ (1)

As seen in M's rest frame, the motion of a test
particle of mass m is given by:

8J(-mds)=0
(2)
-mds =-m [ (1+2¢)2 dty? - dry2]1/2

where ¢, is the gravitational potential:
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¢o =-GM/ro . (3)

The only input from general relativity has been
to insert into the metric of flat space-time the
Newtonian limit of the time-time component of
the metric tensor 3,

Boo=-(1+2¢), (3)

The Lorentz transformation to the laboratory
frame to the first order in V is:

Xo=Xx-Vt

Yo=Y (4)
=2

to=t-Vx.

If ¢ is assumed to be approximately invariant,
the motion of the test particle in the laboratory is
determined by :

§f/Ldt=0 |, 5)
where

Ldt=-m[{1+2d(r,t)} (dt - Vdx)?
-(dx - Vdp2Z-dy2-dz2 112 . (6)

To the first order in V, equation 6 yields

L=-m[1-v2+20-40V-v]12, (7)

where v = dr/dt is the velocity of the test parti-
cle in the laborataory frame.

Consider the case where the source particle
moves very slowly compared to the test particle
and where the test particle's kinetic and potential
energies are of like order of magnitude, ie. V
<<l1, v<<1 and ¢ = v2 <<1. Equation 7 then re-
duces to:

L=12mv2-m¢+2m¢V-v . (8)

The Lagrangian of a non-relativistic particle of
mass m and charge q moving in an externally
applied electromagnetic field with scalar poten-
tial U and vector potential A is:

Lem=12mv2-qU+qA-v. 9)
Comparing Equation 8 to Equation 9 produces
the familiar analogy that m¢ corresponds to qU
and, in addition, the less familiar correspon-
dence where 2m@V is the gravitational analog to
qA.

In this context, the gravitational field g produced
by a point source is now the 'gravoelectric field'

g =- Vo =(GM/3) (-r) (10)
(neglecting retardation effects). The analogy
also suggests the existence of a 'gravomagnetic
field' b produced by a moving mass:

b=Vx2¢V)=2Vx (-Vp)=2V x g. (11)

The equation of motion of the test particle be-
comes:

g+ (vxb)=dv/dt . (12)

'MAXWELL'S EQUATIONS' FOR g
AND b

For a continuous mass distribution,

o(r)=-GJ p(r)/R & (13)

g(r)=-G[p(r)R/R? &' , (14)
where p(r') is the mass density and R =r - r'is
the vector from the source point r' to the field
point r. Equation 14 is the 'Coulomb's law' of
the gravoelectric field, ie., Newton's law of
gravitation.

Since g =- V¢,

Vxg=0 (15)
and

V-g=-V% =G[p(r) VX(I/R) &*r
=-4nG[pr) B(r-r) & (16)

=-4nGp(r).
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where 8(r - r') is the delta function and the gra-
dient, V , operates on the field point coordi-
nates.

The 'gravomagnetic field' for an extended
source of current can be written as:

b(r) =2 ] V(r) x [-G p(r') R/R’] &°F
(17)

-2G[jr) x RR? &',

Il

where j = pV is the source current density.
Equation 17 is the 'Biot-Savart' law of the gra-
vomagnetic field. Like their electromagnetic an-
alogs, the 'Coulomb' and 'Biot-Savart' laws are
the whole story of g and b only for static mass
densities and steady current densities.

Equation 17 can be rewritten as:
b(r)=-2G Vx[jr)yR dr'. (18)
It follows then that:
V:b=0. (19)

Equation 17 also suggests writing the vector po-
tential a (where b =V x a) as:

a=-2G [j)R &r . (20)
To evaluate V x b, we use the identity:
Vxb= Vx(Vxa)=V (V-a)-V?a.(l)
The V (V - a) term may be disposed of either by
the proof of the Helmholtz theorem # or by an
appeal to gauge invariance (choose a gauge
V . a = spatial constant). This leaves:
Vxb(r)=2G V2[jr)R dr
=2G[jr) VPaR) &r (22
=-8nGjr).

The time-independent 'Maxwell's equations' for
the 'gravoelectric' and 'gravomagnetic’ fields

are:
V-g=-4nGp
V-b=0
(23)
Vxg=0

Vxb=-8nGj.

Now, we allow the sources to become time-
dependent. Let us assume local conservation of
mass:

V-j=-op/ot. 24)

This is not consistent with Ampere's law for b
(Equation 21) which requires the divergence of j
to vanish identically. However, from Gauss'
law for g (Equation 16) we have:

dp/dt =-1/(4nG) V - 9g/dr),  (25)

which suggests that the time-dependent version
of Ampere's law should be:

Vxb=-8nrG[j+1/(4nG) @g/dt)]
-8nGj +2dglt . (26)

Let us now consider how Equation 15 should be
modified when time-dependent fields may exist.
We propose the modification:

Vxg=s, (27)

where s must vanish when the fields are static.
In the 'derivation’ of the 'gravomagnetic field',
retardation effects were assumed to be negligi-
ble. Now, they must be taken into account. In-
spired by electrodynamics, we assume that
changes in the 'gravoelectric' or 'gravomagnet-
ic' fields propagate as waves moving at the
speed of light (indeed, this is predicted by gen-
eral relativity 5). This suggests writing a wave
equation for g of the form:

Vig - 9%g/ot? =0 (28)

in source-free regions. Making use of the iden-
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tity of Equation 21, Equation 27 can be written
as:

Vxs=Vx((Vxg=V(V-g-Vig (29

In source-free regions, V - g = 0, so Equation
29 becomes:

Vig+ Vxs =0, (30)
yielding

Vxs=-dg/t*. (31)

Taking the partial time derivative of Equation 26
results in:

g =12[Vx@bon] .  (32)

Comparing Equation 31 to Equation 32, we de-
duce that:

s =-1/2 db/ot . (33)

The modified Equation 15 then becomes Fara-
day's law':

Vxg= -1/29b/ot . (34)

Defining b' = 1/2 b, the 'Maxwell's equations'
for the 'gravodynamic fields' g and b’ are:

V-g=-4nGp
V-b'=0

(3%5)
V x g =-db'/ot

Vxb' =-47Gj+oght.

The derivation of these results and the applica-
tion of the 'gravomagnetic Maxwell's equations’
are useful exercises. The correct procedure
would be to investigate the linearized field equa-
tions of general relativity. But with the results
above, known solutions to electrodynamics
problems could be applied to gravitational sys-
tems in motion. This might help build intuition
about anticipated qualitative features of the solu-
tions.
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FILTERING PROPERTIES OF A MULTIPLE FABRY-PEROT
INTERFEROMETER

Thomas Greco *
Department of Physics
Central Michigan University
Mt. Pleasant, MI 48859

ABSTRACT

The standard textbook discussion of the Fabry-Perot interferometer is extended to include
the evaluation of the phase-shift in addition to intensity of the transmitted wave. The re-
sults are used to derive the properties of multiple etalon combinations. Analytical solu-
tions are illustrated by computer generated diagrams.

INTRODUCTION

Fabry-Perot interferometry is one of the more
important techniques of high resolution spec-
troscopy, so thorough understanding of the
principles of operation of a Fabry-Perot interfe-
rometer (F-P) is important. In addition, many
properties of laser light (eg. its modal structure)
can be obtained by analysis of the interference
phenomena that arise in the passive mirror cavity
of the F-P.

The derivation of the transmission function for a
single F-P presents an interesting, although not
extremely complicated, example of a practical
application of the wave superposition principle.
For this reason, it appears in most books and
courses dealing with wave optics. 1. However,

Tom graduated from Central Michigan Universi-
ty in 1990 and is now a graduate student at Old
Dominion University. His goal is to earn a
Ph.D. in physics and then continue doing re-
search in a university setting.

the discussions of the transmission properties of
multiple F-P's have been somewhat neglected.

There are two main multiple F-P systems : 1)
combinations of F-P's in series, and 2) one F-P
within another's cavity. The latter system
should be helpful in understanding the mode se-
lection procedures in different kinds of lasers by
use of intracavity etalons. In this paper, these
two systems are modeled analytically and the re-
sults illustrated by computer generated graphs.

F-P TRANSMISSION FUNCTION

A F-P consists of two reflective, flat, parallel
surfaces a distance d apart. Incident light is par-
tially reflected and partially transmitted by each
surface, setting up multiple reflections between
the two surfaces as shown in Figure 1. Con-
structive interference among transmitted beams
takes place when different contributions are de-
layed by mA, where m is an integer and A is the
wavelength of the incident light. When this con-
dition is satisfied, transmission will be 100 per-
cent.
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Figure 1
A simple Fabry-Perot interferometer showing multiply
transmitted and reflected beams.

The transmission function can be calculated as-
suming the two surfaces are flawless, perfectly
parallel, non-absorbing mirrors and that the inci-
dent light is a monochromatic plane wave. If the
mirrors have amplitude transmission coefficient
1 and reflection coefficient r and are separated by
a distance d, the transmitted amplitude is 2:

T

— 1
1—Rci° =

AT=A

where T = 12 is the intensity transmission coeffi-
cient, R =12 is the intensity reflection coefficient
and ¢ = 2kdcosB where k is 27t/A and 6 is the
angle the light strikes the F-P. The intensity of
the transmitted beam is the square of the ampli-
tude of the transmitted wave:

‘ A’T? 1
Ip=ArAp= 2
T (SR 1+ Fsin%0) =

where F = 4R/(1-R)2. Since the system is as-
sumed to be absorptionless, T+R=1, the relative
fractional transmission can be written as:

Ir 1 3)

L 1+Fsin%er2)

Figure 2 shows the result graphically. As the
reflectivity increases, the transmission peaks be-
come very narrow and the transmission drops
almost to zero in between them. For this rea-
son, F-P's with high reflectivity (80% - 95%)
can be used as narrow tunable filters. By vary-
ing the mirror separation, one can scan spectra
with very narrow bandwidths.

Phase of the Emerging Wave

Placing a F-P interferometer in a light beam not
only affects the amplitude of the emerging beam,
but also produces a phase shift between the inci-
dent and transmitted radiation. This phase shift
can be calculated by writing Equation 1 in (x +
1ly) form using the relationship:

p ei®=p {cosd + i sind}. 4)
The transmitted electric field becomes:

Er  1-Rcos+iRsind
Es (1 -R cost)® + R? sin0

(5)

Now, putting Equation 5 back into magnitude-
phase form yields:

H
Lt

Iv1le
%

Figure 2
Plot of the fraction of transmitted light as a function of
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Er=1 Eoei‘"

| R sind 6
LS (I—Rcosq)) e

1
1={ (1 - R cos)’ + R*sin’¢ } 2

Figure 3 is a plot of the phase phase shift be-
tween the transmitted and incident electric field
as a function of the single contribution phase
shift ¢. The zero phase shift at points corre-
sponding to maximum transmission is expected
since here all contributions come in phase,
There is also a zero phase shift at the minima
where every other contribution is in exactly op-
posite phase. For high reflectivity, the phase
change is very rapid around the maxima where
there is interference among many phase shifted
contributions of comparable magnitude. How-
ever, there is not much of a phase shift for low
reflectivity due to the domination of the first
contribution in the transmitted beam.

Double F-P Combinations

One way of constructing a F-P combination is
by passing radiation through two separate F-P's
in series. In most cases, this has no great practi-
cal advantage as a filter because the resolution

Wy Lresr

-1.20- L]

Figure 3
Net phase shift of the transmitted wave versus F-P round
trip phase shift.
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®
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Figure 4
Transmitted intensity versus wave number of the incident
light beam. The beam crosses two F-P's with mirrors of
different reflectivities and separations (R = 10%, Ry =

90%, d1/d = 15).

will be limited to that of the F-P with the highest
reflectivity. Never-the-less, it is demonstrative
of the properties that F-P's possess.

Let the first F-P have a high reflectivity, a large
mirror separation and be perpendicular to the in-
cident beam. Its transmission peaks will be nar-
row and closely spaced in k. A phase shift ¢; =
2kd; is produced on each round trip through the
interferometer. The final phase shift y, is found
by substituting this value into Equation 6.

Assume the second F-P has a lower reflectivity
and a smaller separation to give broad transmis-
sion peaks. In addition, tilt the second F-P at a
small angle 6 so as to include only those reflec-
tions occurring between mirrors belonging to the
same F-P. The round trip phase shift of the sec-
ond F-P is ¢ = 2kdacos6. Again, Equation 6
can be used to find the final phase shift y».
Since there are no interference effects between
the two F-P's the transmission function of the
series is just the product of the transmission
functions for each individual F-P:

L SRS W — )
Lo 1+F, sin’(kd) 1+ F, sin’(kdy)
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Figure 5
Transmitted intensity versus round trip phase shift for
double pass configureation as compared with a single
pass configuration. The dashed lines are the single pass
results while the solid line represents the double pass.

and the net phase shift with respect to the unob-
structed beam is:

Y=y +Vy, (8)

Figure 4 shows the superposition of the individ-
ual transmission functions that occurs when the
two F-P's described are placed in series.

An interesting configuration for a filter is made
of a series of two highly reflective F-P's with
identical parameters. In this case, the product of
the transmission functions produces peaks
which are narrower than those of the individual
F-P, yet they still reach 100% at maximum
transmission. In practice, instead of setting up
two F-P's, it makes more sense to make a dou-
ble pass through a single F-P by reflecting the
transémittcd beam back with a cube corner reflec-
tor.

For a double pass configuration, the transmitted
intensity is the square of the single F-P trans-
mission function of Equation 3. Figure 5, a
comparison of single and double passes through
a filter, shows markedly narrower transmission
peaks for the double pass filter. This is useful
when trying to resolve a spectrum in which adja-

cent bands are very close together or when it is
critical to have a high contrast.

F-P Within the Cavity of Another F-P

The final and perhaps most important considera-
tion for multiple F-P's is for one etalon to be
placed inside another's cavity as shown in Fig-
ure 6. Calculations of the transmission coeffi-
cient are simplified if the individual reflections
and transmissions of the inner F-P are not con-
sidered but are dealt with as a single transmis-
sion function and total phase shift. This trans-
mission function is applied to the individual
beams moving through the outer F-P.

For the inner F-P, the field amplitude transmis-
sion coefficient AT/A = T eiv2, is obtained di-
rectly from Equation 6 with ¢ = 2kdcos0.
The most direct (n = 0) contribution crosses the
first mirror of the outer F-P, passes through the
intra-cavity F-P, and then crosses the second
mirror of the outer F-P. If the amplitude of the
input beam is A, this contribution will have am-
plitude

Ao =At12 Teiv2, 9)

Each consecutive contribution has to bounce two
extra times off the external mirrors and go twice
through the intra-cavity F-P. The additional
travel results in a phase shift which is a combi-
nation of the phase shift produced by the dis-
tance travelled between the external mirrors ()
and the phase shift produced by the inner F-P
alone (y,). Therefore, each individual contribu-

1 f2
'é‘r-../
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Figure 6
Tilted intracavity etalon as an additional filtering element.
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tion to the field amplitude is:

A t12 teiV2r2n t2nei2ny2 ginyl | (10)
where n is the number of bounces off the second
mirror of the outside F-P. The amplitude of the
transmitted wave can be expressed as a series of
the individual contributions:

A1 = AT teiV2[1 + Ryt2ei(V1 +2v2) +
{ Ri12ei(v1+2v2) )2 4 (11)

{Ryt2eitvl +2v2) )3 4+ ]

where tj2 =Ty and r;2 =R, . The sum of this
geometric series is:

AT, e

Ar= (12)

The transmitted intensity is obtained by taking

the square of the amplitude:
Iy= A7Ar =
AT 22 . (13)

1+ R% 4 RlTZ [ ei(tp, +2%,), &:—i(wl + 2y, ]

Which can be written as:

2
h__ Tt : (14)
L= '

2
(1-R; ©) 1+Fsin2(%+w2 )

where F = 4R 12/[1 - R; 12]2

Figure 7 is a plot of this this transmission func-
tion. It shows that the intra-cavity etalon config-
uration can produce the narrowest transmission
peaks as well as the broadest free spectral range.
These features are important when trying to re-
solve a spectrum which consists of many lines
within a range of wavelengths that is too broad
for a traditional F-P.

8.5

IT/Ig

T T T
(1) - (i)

ke dy

Figure 7
Iransmitted intensity versus incident beam wave number
for intracavity etalon configuration. For the external F-
P, Ry = 95%; for the intracavity etalon, Ry = 50%; and

di/d2=10

Although we are not aware of using intra-cavity
combinations in practical spectral analysis, it
may be worth trying out a few possibilities. The
filtering power of the intra-cavity etalons has
been utilized successfully in suppression of un-
wanted modes in laser emission. It may not
seem as through an F-P with low reflectivity
(such as seen in Figure 2) can still be very effec-
tive as a spectral filter, However, the calcula-
tions presented here show how intra-cavity
placement improves filtering properties of eta-
lons and may be used to construct F-P combina-
tions for specific needs.

SUMMARY

We have shown that the full analysis of a F-P et-
alon must include its effects on the amplitude
and the phase of a light beam. The phase shift is
not of great importance when a single etalon is
considered. However, it becomes very impor-
tant in the operation of an intra-cavity etalon.
This discussion shows the power of intra-cavity
placement for a low finesse F-P. The formalism
can be extended to multiple intra-cavity etalon
combinations such as those used in a single
mode selection of a tunable dye laser.
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GAS MONITOR CHAMBER FOR PARTICLE PHYSICS
EXPERIMENTS *

Kdroly Banicz
Eo6tvos Lordnd University
Budapest, Hungary

ABSTRACT

The construction and some preliminary measurements of a drift chamber capable of meas-
uring the drift velocity with an accuracy of 0.5% are described. This monitor chamber is
connected to and shares a common gas supply with the muon spectrometer of the L3 par-
ticle detector at CERN. The monitor chamber is used for correcting the data obtained by
the spectrometer. The drift electrons are produced by the photoelectric effect when a UV
laser illuminates a gold surface. This system enables us to measure the drift velocity
changes due to the change in the parameters of the gas used in the spectrometer.

INTRODUCTION

Elementary particle physicists study the funda-
mental building blocks of nature by making par-
ticles collide and analyzing the debris produced
by the collision. One gets information on the
particles through their interactions with matter.
To 'see' them, however, one needs devices to
convert these sub-microscopic interactions into
marcoscopically observable signals. A drift
chamber is one type of such devices 1.

The pieces of a drift chamber are quite simple..
It is a chamber filled with a special gas mixture.
Inside, there are thin sense wire electrodes under
positive voltage and a plate electrode or mesh of

Kdroly is a senior physics student at the E6tvos
Lordnd University, Budapest, Hungary. He
was a summer exchange student in the High en-
ergy Physics group at Union College. He in-
tends to go to graduate school in physics, possi-
bly in the United States.

wires under negative high voltage.

The basic phenomenon underlying the operation
of a drift chamber is that a charged particle,
passing through the gaseous medium, can ionize
the molecules or atoms, leaving ion-electron
pairs behind along its track. The electric field
present accelerates these free charges. If the
electric field is uniform and not too strong, the
acceleration by the field and the scattering by the
atoms of the medium result in a drift of constant

symmetrizing wires

\‘\ sense wire 50 mm
field shaping wire

plate

Figure 1
The electrode configuration in the monitor chamber.
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field shaping and symmetfrizing wires

plate )
\ sense wres

Figure 1
The electrode configuration and the electrostatic poten-
tial.
velocity (hence the name 'drift chamber'). The
configuration of the drift chamber used in our
experiments and the electrostatic potential are
shown in Figures 1 and 2. 2

Figure 3 zooms into Figure 2 and depicts the
electrostatic potential around the wires. This
picture shows that in the neighborhood of the
very thin wires electrodes, the above mentioned
conditions for having a drift of constant velocity
are not fulfilled. In fact, close to the thin wire,
the field is so strong that between two colli-
sions, the electrons can get enough energy to
lonize. As a result, the newly liberated electrons
accelerate, ionize further and so on... The num-
ber of electrons increases rapidly and an ava-
lanche is produced. The avalanche electrons hit-
ting the wire give rise to a current pulse which
can be amplified and analyzed.

If the period of time of non-uniform motion
close to the wire is negligible in comparison
with that of the uniform drift, the distance at
which the particle passed the wire by can be cal-
culated:

d=v*t (1)

where v is the constant drift velocity and t is the
interval between the traversal of the particle
through the chamber and the detection of the
current pulse.

By reading out several sense wires and/or using
a couple of drift chambers, one can determine
several points of the path of the particle passing
through. One can thereby reconstruct the trajec-
tory of the particle. For accurate position detec-
tion, one should know the drift velocity as pre-
cisely as possible. The drift velocity, however,
depends on parameters of the gas such as pres-
sure, temperature and gas composition. For this
reason, it is advisable to monitor the drift veloci-
ty changes during trajectory measurements.

ABOUT THE L3 EXPERIMENT

The L3 is one of the four big detectors built at
the interaction points of the Large Electron Posi-
tron storage ring (LEP) at CERN 3. Actually, it
is a system of numerous detectors of various
kinds. For example, a number of drift chambers
constitute the muon spectrometer, which meas-
ures the momentum of the high energy muons
by reconstrucing their trajectory in a known
magnetic field.

The precision of the measurement is limited
mostly by the intrinsic resolution which is deter-
mined by the geometry of the chamber. (For in-
stance, the sense wires cannot be placed arbitrar-
ily close to each other because the electrostatic
forces acting between them would distort the
alignment.) The error resulting from a 0.5%
change in the drift velocity, however, can be of
the same order of magnitude as the intrinsic er-

Sense wre

-2000 V

15 o
field shaping wire

Figure 3
The electrostatic potential in the neighborhood of the
wires.
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ror of the chamber. That is why it was decided
at CERN to monitor the drift velocity change
due to the gas parameter changes.

THE MONITOR CHAMBER

Our task was to construct a device which could
measure the change of the drift velocity with
high precision. We built a small drift chamber.
Its electrode configuration is shown in Figure 1.
One of the electrodes was a gold plated metallic
plane set to -6 kV. The plane of the alternating
arrangement of sense and field shaping wires is
at a distance of 50 mm from the golden surface.
The sense and field shaping wires were 20 and
60 microns in diameter and set to 0 V and -1.9
kV respectively. The spacing between a sense
wire and a neighboring field shaping wire was 5
mm. The plane of symmetrizing wires was 8
mm away from the sense and field shaping
wires. The symmetrizing wires were 60 mi-
crons in diameter set to - 2kV and spaced 1 mm
apart. This configuration was similar to that of
the main chamber of the spectrometer.

The experimental set-up is sketched in Figure 4.
The golden surface was illuminated by UV laser
pulses. The laser beam entered the chamber
through a quartz window, which, unlike com-
mon glass, is transparent to UV light.

From the illuminated spot, the electrons were
ejected by the photoelectric effect. They drifted

——ap stop signal from the sense wire

gas out start signal
|
Photodetector
¥ focusing lens
E
g
-] ’ UV Laser
i ¥
f beam splitter
=
[T
high gas in
voltage
Figure 4
The experimental set-up

303
Mean =745
FWHM = 33.1
1515 -
0 - ¥ e
1 1025 2049

Time difference 1 channel =.05ns

Figure 5
A typical Time-to-digital Converter spectrum. Channel
1 corresponds to a drift time of 1 micro-second.

for about 1 ps until they reached the sense
wires. The energy of the UV photons is 3.68
eV while the ionization energy for the gas is
about 13-15 eV, so the atoms of the gas do not
produce electrons by being ionized by the laser
photons.

The UV sensitive photodetector gives a time-to-
digital-converter (TDC) the start signal, while
the sense wire in front of the illuminated spot
gives the stop signal. The TDC is read out by a
computer, which collects, processes and dis-
plays the data. This experimental set-up makes
possible continuous measurements at a rate of
20 pulses per second.

A typical spectrum collected by the TDC is
shown in Figure 5. On the horizontal axis, a
distance of one channel corresponds to 0.05 ns
difference in drift time and the first channel cor-
responds to 1 ps drift time. This means that we
could measure a time interval of about 1 s with
an error of 2 ns. However, the actual accuracy
of our measurements are worse, due to the insta-
bility of the readout electronics.

To monitor the drift velocity change due to the
changes in the gas parameters in the spectrome-
ter, the monitor chamber and the spectrometer
have a common gas supply as shown in Figure
6. Preliminary experiments have shown that we
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gasin gas out

Monitor Chamber

Muon Spectrometer

Figure 6
Schematic diagram of the gas system, showing the inter-
connection between the muon spectrometer and the mon-
itor chamber.

can measure this drift time with an error of 5 ns.
This means we have achieved the desired accu-
racy. We have built two monitor chambers, one
of which has been installed at CERN. We are
still carrying out experiments with the other one
in order to find out how to improve the accuracy
of our method.
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ABSTRACT

A simulation was made to address the common conviction that the dominant mode of heat
transfer in the non-solid mantle of the earth is convection. The crust, being solid, trans-
fers heat by conduction. The outer core acts like a liquid, but the mode of heat transfer is
not explicitly mentioned in the literature. The heat transfer in the inner core is believed to
be primarily through conduction. This computer simulation only addresses the heat trans-
fer inside the earth by assuming a conduction limited model. The simulation demon-
strates that the earth's crust would be thicker than it is known to be if conduction were the

only mode of heat transfer in the mantle.

INTRODUCTION

The earth is known to be segregated into three
main layers: the crust; the mantle and the core.
The extremely high temperatures encountered
beyond a few kilometers depth make physical
examination of the earth's interior impossible.
Scientists must therefore rely on inferred data
from rocks and seismic data to model the interior
of the earth. These data can be used as input to
numerical simulations to determine the internal
workings of our planet. One such set of data are
the heat transfer parameters of the materials that
make up the earth.

William Arnold graduated from the University of
Akron in May 1990 with a BS in physics. He
received the NASA Graduate Student Program
award and is now attending Clarkson University
in Potsdam, NY where he is working on a

Ph.D. in Engineering Science.

BACKGROUND DATA ON THE EARTH

The mean temperature at the earth's surface is
approximately 280 K (288 K at a 10 meter
depth). The temperature at the crust-mantle in-
terface is inferred from the melting point of most
rocks, typically in the neighborhood above 1100
K. The best theoretical calculations of the tem-
perature at the outer core-mantle boundary is
4500 K and at the center of the planet as 5000
K. The equatorial diameter is 12,756 km, while
the polar diameter is a bit smaller at 12,713 km.
The size of the core is fairly well known from
seismic readings with the outer core at 7000 km
diameter, while the inner core is thought to be
2400 km in diameter 1. The crust of the earth is
20-70 km thick in continental areas and is made
primarily of granitic rocks, while the ocean ba-
sin areas are 8 km thick are are primarily basalt
in composition.

Volcanic studies of deeply eroded mountain
belts indicate that the mantle is composed of ig-
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Figure 1
Three dimensional mesh configuration used in the finite
element analysis.

neous silicate rocks such as olivine

(MggoFe( 1),S104 2. Seismic data indicate the
lower mantle contains about 14% FeO 2. The
core is thought to be composed primarily of me-
tallic iron {Fe,O}, which is the cosmically most
abundant heavy material, to yield an average
density of the earth of 5.5 x 103 kg/m3 (an un-
compressed value of 4.5 x 103 kg/m3).

The gravitational field inside a planet will change
with depth. If the earth is assumed to be a per-
fect sphere instead of an ellipsoid and that it has
a core which contains 32.5% of the planet's
mass, the gravitational field at the core-mantle
boundary would be greater than at the surface.
This result must be kept in mind when consider-
ing buoyancy effects in convective flows.

THE MODEL

The objective of this study was to show by con-
duction and energy arguments that a solid earth
could not meet the known physical temperature
conditions existing in the earth. This solid mod-
el does not allow any flow, and hence eliminates
convection. This computational work is classi-
fied as a conduction limited model.

The earth was modeled as a perfect sphere of ra-

dius 12735 km. This approximation is valid
since the difference between the polar and equa-
torial radii is small compared with the size of the
finite elements used. The heat flow through the
various regions of the earth were modeled using
the incompressible continuity equation and those
for momentum and energy as well as the equa-
tion for heat transfer in a thick hollow sphere.
These equations were solved using a finite-
element numerical routine. The earth was divid-
ed into a three dimensional mesh, as shown in
Figure 1. Temperatures at the surface and at the
core were used as boundary conditions and the
program produced a map of the temperature
fields such as the one shown in Figure 2.

The material properties 34 used in the model de-
pended on the local temperature. Thus, the con-
ductivity is a temperature dependent parameter.
The different layers of the earth were modeled
by assigning them the appropriate conductivity
and tracking their size via the resulting tempera-
ture field.

The set of equations, written in tensor form, de-
scribing the complete flow and thermal fields are
the incompressible equations of continuity:

Figure 2
Isotherms of a typical temperature ficld resulting from
the finite element analysis.
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uiJ = 0,
(1)

momentum:
p [aui/at + ujui,j] =-p; +pf; +

pgill - B(T - T)] + [(u; +u; )], ,

2

and energy:
p Cp [ 9T/t + LliT’j] = (kT.j)‘j +ud+qs, (3)

where u is veloity, p is density, p is pressure, f
is the volumetric body force, g is the gravitation-
al field, T is temperature, 3 is the thermal expan-
sion coefficient, [ is the viscosity, Cp is the spe-
cific heat at constant pressure, k is the thermal
conductivity, g is the volumetric external heat
source and ¢ is the viscous dissipation function.

Since we are modeling the earth as a solid, each
term in Equations 1-3 containing the velocity
vector u is set to zero. In the solid model, both
the viscous energy dissipation and the internally
applied heat sources are zero. This leaves only:

(kT = (kV2T} =0 ()

to be solved. When k, the thermal conductivity,
is not a function of temperature, this becomes
Laplace's equation. In most cases presented
here, however, k is a strong function of temper-
ature and the energy equation becomes a non-
linear equation.

Heat calculations were done using the equation
for heat transfer in a thick hollow sphere:

Q = -kA(dT/dr)

(5)
= 4nk AT (rro)/(ry - T;)

where A is the area of the boundary, AT the
temperature difference between the boundaries,
rj and 1o the inside and outside radii, Although
the earth is not hollow, this equation is still valid
for any two finite radii as long as the tempera-
tures remain constant at the boundaries and the
conductivity is constant between the two radii.

Figure 3
Boundary temperature conditions that are imposed on the
inner core.

The equation is valid regardless of the material
inside or outside the two radii. Once the two ra-
dii of a region of constant conductivity are
known, the net heat flux transferred through the
surface of the earth can be computed by the use
of geometric 'shape factors' 5.

The set of governing equations were then solved
using a finite-element based code. ¢ Fixed tem-
perature boundary conditions of 280K at the
surface of the earth and SO00K at the center
were imposed. Because the code used a Carte-
sian geometry, the S000K boundary condition
has to be placed on a small 'sphere’ rather than
at a single node at the geometric center of the
earth. This is shown in Figure 3.

The material properties used in this model de-
pended upon the local temperature. The crust of
the earth, which is composed of basalts and gra-
nitic rocks should have a conductivity compara-
ble to that of clay, sandstone, gravel and marble.
The upper mantle should have a conductivity
comparable to that of igneous silicate rocks.
The lower mantle, which is believed to be richer
in iron, should have a higher conductivity. Fi-
nally, the core should be a conductivity compar-
able to iron at high temperature and pressure.
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crust-mantle
interface

Figure 4
Isotherms for the temperature independent conductivity
model. There is a 470 K spacing between the isotherms.

The points of interest of the temperature profile

are:

1) 1100K - the crust-mantle interface (the melt-
ing point of rocks,

2) 4500 K - the core-mantle interface.

The core size was kept constant by adjusting the

boundary conditions inside the core and tracking

its size by the 4500K isotherm (see Figure 1).

The crust thickness was found by measuring the

difference between the surface radius and the ra-

dius of the 1100 K isotherm.

RESULTS

Low limit of conductivity

The first test involved the lowest possible limit
of the conductivity. The conductivity value of
1.43 W/mK used in the mantle is that of olivine.
This ignores the FeO content in the mantle. The
outer core diameter was kept at 7 x 103 km and
at 4500 K. This required that the boundary con-
ditions for the 5000 K sphere inside the core to
be adjusted to 2.4 x 103 km.

The temperature isotherms, shown in Figure 4,
were spherically symmetric. The isotherm

spacing was close in the mantle and sparse in
the highly conductive core. The location of the
1100 K temperature isotherm, which represents
the crust-mantle interface, was measured and
found to have a diameter of 11 x 103 km. This
yields a crust thickness of about 900 km. This
is at least an order of magnitude thicker than the
actual crust.

If one assumes the actual crust to have an aver-
age thickness of about 12 km and a conductivity
of basalt, then the actual heat transfer through
the crust is on the order of 4 x 1013 watts. (This
calculated value agrees well with measured ex-
perimental values. 7) Using this model with the
outer radius half the diameter of the earth and the
crust-mantle interface as the inner radius, the to-
tal heat transfer through the crust was calculated
to be 5.2 x 1011 watts. Thus, the actual heat
transferred by the crust is about 80 times the val-
ue predicted using the is lower conductivity.

Linear variation of a moderate conductivity
The second test involved having a conductivity
of the mantle which varied linearly from 1.43
W/mK at 1200 K to 12 W/mK at 4500K. This

crust-mantle interface

Figure 5
Isotherms for the moderate temperature dependent model.
There are 470 K spacing between isotherms.
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model of the conductivity takes into account the
14% iron content in the lower mantle. The iso-
therms, as seen in Figure 5 now are more evenly
spaced through the earth. The 1100 K isotherm
was found to have a diameter of 12.2 x 103 km.
This yields a crust thickness of about 270 km.
This value is about 20 times the average 13 km
thickness of the real crust. The inner boundary
condition required that the 5000 K boundary be
imposed at the 4100 km diameter. The heat
transfer was again computed by the same meth-
od and found to be 1.9 x 1012 watts, still an or-
der of magnitude lower than the actual value.

Upper limit of conductivity

The final study tested a possible upper limit of
the thermal conductivity. The conductivity var-
ied linearly with temperature from 1.43 W/mK
at 1200 K to 240W/mK at 4500 K. The upper
limit was found by adjusting the upper value of
the conductivity until the 1100 K isotherm was
at the crust-mantle interface at 12,720 km diame-
ter. This boundary condition produced a con-
ductivity value that is higher than for most mate-
rials. The isotherms, shown in Figure 6 are
now packed close to the surface of the earth.

To make the finite element analysis work using a
three dimensional mesh would have required too
much computer time. Therefore, this part of the
analysis was performed using an extremely high
resolution two dimensional mesh which incor-
porated an axis-symmetry. The axis-symmetric
analysis automatically implied spherically sym-
metric isotherms. This result is justified with
our model, but could not be utilized if convec-
tion effects were included.

SUMMARY

The crust thickness predicted by the moderate
conductivity limit in this model is an order of
magnitude thicker than the actual crust and the
predicted total heat transferred by the crust is an
order of magnitude lower than the actual value.
When the upper value of the conductivity is ad-
justed to satisfy known crustal boundary condi-
tions, the conductivity is higher than found in
most materials. The heat transfer in the earth's
mantle therefore cannot be produced by conduc-

P R

crust-mantle interface
(1100 K) 4500 K

Figure 6
Isotherms for highly temperatue dependent conductivity,
Note the change in scale between this figure and Figures
4 and 5. There are 470K spacings between isotherms.

tion alone. This confirms the common view that
heat is transferred by convection in the mantle.
The order of magnitude differences in thickness
and heat transfer imply that convection is the
dominant mode of heat transfer in the mantle.
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A TEST OF CONSISTENCY OF LOW-ENERGY PION-
NUCLEON DIFFERENTIAL CROSS SECTIONS WITH
PARTIAL CROSS SECTIONS *

Tony S. Hill
Department of Physics
Abilene Christian University
Abilene, TX 79601

ABSTRACT

A chi-squared minimization routine was developed to test the consistency of low-energy
pion-nucleon differential cross sections with the results of recent partial cross section
measurements. In the analysis, differential cross section measurements made by the Uni-
versity of Colorado-TRIUMF collaboration and partial cross section measurements made
by E. Friedman at TRIUMF were used. The result of the test reflects an inconsistency

between the two sets of experimental data.

INTRODUCTION

The most fundamental measurement that can be
made in TN scattering experiments is the diffe-
rential cross section. For the TN system specifi-
cally, the differential cross section can be de-
fined as the differential target area associated
with the nucleon that is perpendicular to the trav-
eling pion's wave vector k that yields a deflec-
tion of the pion into a differential solid angle.
The differential cross section is dependent on the
scattering angle, 0, and the wave vector ampli-
tude |kl. The differential cross section can there-
fore be represented by a Legendre expansion.
do

0 -t P(cos 6) + a, P(cos 0) + ... (1)

Tony graduated from Abilene Christian Univer-
sity and is now pursuing a Ph.D. in High Ener-
gy Physics at lowa State University of Science
and Technology. He is a research assistant in
the DELPHI collaboration (LEP at CERN)

The Py's are the Legendre polynomials where n
is the order of the term. The ap's are the ampli-
tudes for the polynomials. Each term in the ex-
pansion represents specific angular momentum
contributions to the differential cross section.
The amplitude from each term gives the wave
mixing ratio for each momentum state.

The total cross section can then be defined as
the target area that yields any deflection of the
pion and can be obtained by integrating the dif-
ferential cross section over all solid angle.

do I do
Ciotal = . m dQ = ‘[_1 E 2 d(cosB) (2)

A partial cross section is similar to the total
cross section except the integration is limited to
specified angle limits instead of all angles.

9
™ do
O partial = I 30 2" d(cos6) 3)

0,

min
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Figure 1
A plot of three generations of differential cross section
data. The curves represent two different partial wave so-
Jutions. Note the discrepancies at increasing back angles.

Elementary scattering theory 2 allows one to rep-
resent the scattering process by wave functions
that are characterized by parameters called phase
shifts. Phase shifts are simply the shift in phase
of the wave function at large distances from a
scattering potential as a result of the interaction
with that potential. There will be phase shifts
for each state of angular momentum available to
the system. Partial wave solutions obtain the
phase shifts for a reaction by incorporating dy-
namical and internal symmetries along with the
current body of data for a particular reaction.
The partial wave solutions also incorporate Cou-
lomb contributions in their measurement predic-
tions.

Figure 1 is a comparison plot of some differen-
tial cross section data and two partial wave solu-
tions. The minima that occur in the two partial
wave solutions in Figure 1 at cos 8 = 0.9 are
due to destructive interference between the ha-
dronic and coulomb scattering amplitudes. The
sharp rise in the solutions as the angle approach-
es zero is characteristic of the Coulomb depen-
dence in the Rutherford cross section

o = (sin4(6/2)) 1. 4)
The question of consistency in the body of low-

energy pion-nucleon (nN) scattering data has re-
cently been introduced by theorists working

—_A

with chiral perturbation theory 1. The relation-
ship between 7N scattering amplitudes and
quark content of the hadrons within the frame-
work of chiral perturbation theory is demonstrat-
ed in Figure 2 (adapted from Reference 1). The
shaded area is the region of physical measure-
ments.

Due to their analytic behavior, scattering ampli-
tudes can be extrapolated into the non-physical
region to the Cheng-Dashen point to extract the
7N sigma (o) term that yields quark flavor rela-
tionships for the hadrons. For any extrapolation
of these amplitudes to be meaningful, the body
of N scattering data from which they are deter-
mined must be consistent.

There is some ambiguity in comparing experi-
mental results with the partial wave solution 2.
A plot of some of the data available for the reac-
tion near 150 MeV/c is displayed in Figure 1.
These differential cross sections are some of the
lowest energy data available for TN elastic scat-
tering. The three sets of experimental data rep-
resent three generations of experiments: the Sa-
clay data 3 are 15 years old, the University of
Maryland-LAMPEF 4 are eight years old, and the
University of Colorado-TRIUMEF 3 are the most
recent. Note the discrepancies at the back an-
gles. These discrepancies lead to ambiguities in

My 2M5
" Mz
p; (—I—‘? 2 a,,b}.

al

7

‘Chiral Perturbation Theory

L

~
Ty from data

Y
i

Figure 2
Schematic representation of the extrapolation made in
chiral perturbation theory from analytic functions derived
from experimental data to the quark content of the had-
rons. Adapted from Reference 1
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the entire body of data. The Karlsruhe 6 and
VPI(SP87) 7 partial wave solutions (shown in
Figure 2) rely on analytic continuations of the
body of data. In particular, the Colorado-
TRIUMF data are claimed to be inconsistent
with the analyticity constraints used in that anal-
ysis. 8

DATA SELECTION

Data for partial cross sections have recently been
obtained at TRIUMF. A sketch of the experi-
mental arrangement used ? to measure partial
cross sections for m+p -> w+p at 66.8 MeV is
shown in Figure 3. In this experiment anti-
coincidence was employed; that is, whenever a
particle detected by the beam counter did not
scatter into the scintillation detector, it was re-
corded as an event. This experimental arrange-
ment effectively measured the partial cross sec-
tion, in this case from 20° to 180° and from 30°
to 180°, by simple geometric placement of the
detector. It is these data that will allow an un-
ambiguous comparison of the differential cross
section data with the partial wave solutions. The
results presented for the partial cross sections
are:

Opartial = 20.8 + 0.5 mb ; 30°<6,,, < 180°
Opartial = 21.8 + 0.5 mb ; 20°<6,_,, < 180°

These data are consistent with the low-energy
partial wave solutions.

The differential cross sections chosen for the test
against the partial cross section results are the
University of Colorado-TRIUMF acquisitions.
There are three reasons for this selection: the rel-
atively complete angular distribution of differen-
tial cross section data allows for a comparison
via integration with partial cross section results,
the data have the lowest quoted errors (see Fig-
ure 1), and they are the most recent. The data
were acquired in three different beam channels
with three different beam normalizations yet they
are consistent in areas where angular measure-
ments overlap.

To fit the Colorado -TRIUMEF data so that the

66.8 Scintillator

Beam counter .‘

Figure 3
Simplified diagram of Friedman's anti-coincidence experi-
ment conducted at TRIUMF

comparison can be made with the partial cross
sections, a Legendre expansion was utilized (as
in Equation 1). Due to the short range of the ha-
dronic force and the low pion beam energy,
scattering occurs only in S and P wave states
which correspond to a second order expansion.

do
q0 = % +a; P(cos 6) + a; P(cos 8) ()
For a direct comparison of the Colorado -
TRIUMEF data to Friedman's results, the integra-
tion of the Colorado -TRIUMF differential cross
section is limited to the angles used in the partial

Cross section experiment, in this case from 20°
to 180°,

cos 180° dO'
Opartial = Los T -2 d(cosd)  (6)

FITTING PROCEDURE

The program used to fit the data was a reduced
chi-square minimization routine!0. A chi-square
fit to the data is defined as:

(7

The reduced chi-square is then:
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2 (8)
2 X
Kredueed = U (n + 1)

whe
re N is the number of data and the (n+1) term is
the number of fit parameters (n is the order of
Legendre expansion).

In the test developed, further constraints are
placed on the fitting routine by adding a term in
the reduced chi-square equation that allows for a
dependence on the difference between experi-
mental (Friedman) and calculated (from the fit to
the Colorado -TRIUMF) partial cross sections.

2
X reduced =

2
do do,
W {o; "gmi)z C {-ﬁﬂp B E&} &

partial — "
82 (0;:1;“'1) i=l 52 wﬂp
N+W-(n+1)

where W is a weighting factor that is used to
weight each experiment against the other. For
instance, if W = 1 the contribution of the partial
cross section difference is that of a single diffe-
rential cross section point or, if W = 16, the two
experiments are weighted equally, since there
are 16 data points for do/dQ.

Figure 4 is a comparison plot of three different
fits generated by the modified reduced chi-
square routine from different initial conditions.
Fit I is a simple fit to the differential cross sec-
tion data with no partial cross section considera-
tions (W =0, n = 2). Fit Il represents equal
consideration for both experiments (W = 16, n =
2). FitIIl is also one in which the experiments
are equally weighted but also has higher degrees
of freedom in the Legendre expansion (W = 16,
n=7).

Fit I has no partial cross section constraints, and
therefore is just a simple best fit to the differen-
tial cross section data. The calculated partial
cross section from this fit is 18.7 mb, which is
smaller by six standard deviations than Fried-
man's measurement of 21.8 mb. The reduced

chi square for this fit is 0.45.

In Fit II, the two experiments are weighted
equally (W = 16). It is obvious that the routine
is performing as desired by the way it basically
splits the data fit (W = 0) and the partial cross
section constraint. The partial cross section is
increased to a median value of 20.2 mb at the
expense of a simple fit through the differential
cross sections. The reduced chi-square for the
fitis 11.3.

In FitIII, the experiments are again weighted
equally. This fit, however, has more degrees of
freedom (n = 7) for the expansion. The partial
Cross section constraint is met; the fit through
the differential cross sections is also met. The
higher order terms in the Legendre expansion al-
lowed the routine to compensate in the shallow
angle area for the partial cross section where it is
unconstrained by data. The seventh order fit,
though physically meaningless, is the best indi-
cation that the routine is behaving properly un-
der what can be considered extreme conditions.
The n+p -> m+p reaction at 152 MeV/c is char-
acterized strictly by S and P angular momentum
states (n = 1 and n = 2, respectively).

The rise in the plot at shallow angles starting at
about cos6 = 0.7 should not be interpreted as a
fit to the Coulomb potential -- there are no Cou-
lomb considerations in the fitting routine. Shal-
low angle measurements exist for slightly lower
energies and are consistent with the partial wave
solutions. The minima for the destructive inter-
ference between the hadronic and Coulomb po-
tential occur near cosB = 0.9 at 55 MeV. Soa
seventh order fit is not inferring higher order
contributions in the 66.8 MeV system but re-
flects the success of the fitting routine in meeting
the imposed partial cross section constraints.

SUMMARY

The simple fit to the Colorado -TRIUMF diffe-
rential cross section data (Fit I) reveals the in-
consistency between the experimental results
and the partial wave solutions at a basic level.
Adding contributions to the chi-square minimi-
zation routine to allow equal weighting of exper-
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imental differential cross section data and pre-
dicted partial cross sections (Fit IT) was not
enough to force a second order Legendre expan-
sion to a reasonable calculated partial cross sec-
tion. The only way that the contributions from
both terms in the reduced chi-square could be
minimized was to allow for higher order terms
in the Legendre expansion to compensate for the
partial cross section constraint (Fit III) in the
shallow angle areas where the fit was uncon-
strained by differential cross section data. A
seventh order fit, though, is physically meaning-
less. Therefore, the differential cross section
data and the partial cross section data are mutual-
ly inconsistent.
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