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Lensless Optical Detection of Bubble Domains

R. Shahbender and J. Druguet
RCA Laboratories, Princeton, N. J.

Abstract—A lens-less, all-solid-state optical detection technique for cylindrical
“bubble” domains represents an attractive alternative for data readout
in bubble domain devices. An edge-emitting light emitting diode is
used to illuminate the bubble garnet film through a defining aperture
and a polarizer. The beam emerging from the garnet film is transmitted
through an analyzer onto a p-i-n photodiode. The emission character-
istics of GaAs:Al diodes are well suited for use with high Faraday
rotation garnets for optical detection. The optical response and elec-
trical characteristics of silicon p-i-n detectors are suitable for detecting
the optical signal generated by a bubble propagaling across the
illuminating beam at high data rates.

The Faraday rotation of the conventional rare earth bubble garnets
is inadequate for generating sense signals of sufficient amplitude for
reliable data detection However, the signal generated from a Bi-
containing garnet is adequate for reliable operation.

1. Introduction

Sensing of cylindrical domains in a bubble memory device is at present
a limitation to the development and exploitation of bubble technology
for the realization of low-cost, high-performance digital stores. A
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number of approaches for reliable sensing of bubble domains have
been proposed and are being intensively investigated. The most prom-
ising approaches are (1) magnetoresistive sensing and (2) magneto-
optical sensing.

In a magnetoresistive detector (MRD), the change in resistivity
of a permalloy film induced by the presence of a bubble in the vicinity
of the detector is used to generate a sense signal. In the magneto-
optical detector (MOD), the magneto-optic properties of the storage
film—uniaxial magnetic garnet—are used to generate a sense signal.
The advantages and limitations of both approaches in terms of fabri-
cation technology and systems organizations must be considered to
allow realistic trade-offs in design.

Briefly, the MRD detector offers the advantages of a single tech-
nology for the photolithographic fabrication of the permalloy conductor
pattern necessary for bubble generation, propagation, and sensing.
An MRD requires the use of a bubble expander to obtain a sense
signal that is adequate for reliable sensing. This is economically
justified in system organizations that utilize a single detector for a
large number of bits.

An MOD combines the technologies of solid-state light emitters
and detectors to obtain an adequate sense signal from an unexpanded
bubble. Thus, it offers the advantage of a system organization that
has rapid read access.

2. Magneto-Optic Detector

A lenseless, all-solid-state magneto-optic detector, shown schematically
in Fig. 1, consists of an edge-emitting light-emitting diode (LED),
an aperture that defines the area illuminated by the LED, a polarizer,
the bubble garnet film on an optically transparent substrate, an
analyzer, and a silicon p-i-n photodiode.

Let I, be the intensity of light incident on the bubble film, 7, the
intensity of light incident on the detector when a bubble domain
intercepts the optical beam, and 7_ the background intensity. For
the bubble film the quantities /, and /_ correspond to the two possible
states of magnetization +M and —M, respectively. The signal differ-
ence generated by the detector, corresponding to the two binary states,
is!

cl,
= ——e—agin(26¢t) (1]
2

Al=1, -1
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BUBBLE DOMAINS

where C = losses due to retlection at various surfaces, « = absorption
coefficient, § = Faraday rotation, and t = thickness of the bubble
film.

In Eq. [1] it is assumed that the polarizer is set at 45° to the
analyzer to maximize the signal difference Al. Reliable sensing of
unexpanded small-diameter domains is possible if a high-intensity
I, could be realized and if the total Faraday angle 8¢ is sufficiently

large.

AAAR
AW

c—/ «— PIN - DIODE
] «— ANALYZER

<— SUBSTRATE

<— BUBBLE FILM

L 1«— POLARIZER

EENEEEEE W -— APERTURE
+— EDGE EMITTING
LED

Fig. 1—Exploded view of lensless optical bubble detector.

2.1 Light-Emitting Diodes

A preliminary analysis indicated that a source brightness adequate for
MOD of bubble domains in garnet films could be obtained from GaAs:Al
noncoherent edge emitters.*® The emission characteristics of both
single-heterojunction (SH), and double-heterojunction (DH) diodes
were experimentally determined. Both types of diodes gave narrow-
band emission, with peak emission occurring at 7600 A for the SH
diodes and 7500 A for the DH diodes.

Fig. 2 shows schematically the geometry of an edge-emitting diode
chip with dimensions of L X W X D. The effective width d of the
emitting junction was estimated from the near-field radiation pattern
as observed in a microscope. The angular spread of the emitted beam
corresponding to W, the long side, and d, the short side, of the emitting
area were determined by measuring the far-field radiation pattern in
an optical scanner. The half-angles § and ¢ correspond to the angles
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at which the radiated intensity is one-half the peak intensity. Experi-
mentally, it was found that 90% of the power radiated by the junction
falls within a cone determined by 20 and 2¢. The total power radiated
by an emitting junction was determined by using a calibrated large-
area p-i-n diode (UDT model, PIN 10) placed in close proximity to
the emitting surface. For pulsed excitation of the LED, a 50-ohm
load resistor was used with the PIN-10 to provide a short time constant
of 23 nsec.

-'\
\\\ 8
%
d
3
LHI ._L,:. *

Fig. 2—Geometry of an edge-emitting LED.

Table 1 lists the measured characteristics for both SH and DH
diodes of GaAs:Al. Fig. 3 shows the measured radiated power from a
typical SH diode under the conditions of dc execitation and 1% duty
cycle pulsed excitation.

2.2 Defining Aperture

The area illuminated by the LED may be defined by interposing an
aperture between the LED and garnet film, as shown schematically in
Fig. 1. The transmission efficiency of the aperture is a function of
the geometrical relationships between the light source, the aperture,
and the garnet film. For a circular aperture of area A illuminated by
a rectangular source of dimension L X d, assumed greater than the
aperture diameter, the transmission efficiency for vanishingly small sep-
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Fig. 3—LED optical power output.

BUBBLE DOMAINS

arations between the source and aperture mask is given by A/(Ld).
Maximum transmission efficiency can be obtained by reducing the
size of the light source to the dimensions of the aperture and by reduc-
ing the separation to zero. To achieve this desired set of conditions,

Table 1—Characteristics of GaAs;Al Edge-Emitting Diodes

Diode Type SH DH

Chip size L X W X D (mils) 6X3X10| 2X4X6
Junction width d (#m) 15 16
Junction area L X D (square mils) 60 12
Edge-emitting area L X d (square mils) 3.6 1.2
Radiated power with 1-A pulse excitation (#W) 2754 2227
Radiated power with 100-mA dc excitation (#W) 116 97
Half-angle 0 (degrees) 30 52
Half-angle ¢ (degrees) 40 36
Power transmitted through %4 -mil-thick

mask with 1-mil-diameter aperture for

1-A pulse excitation (4W) 406 972
Mask efficiency (%) 14.7 43.6
Calculated mask efficiency (%)—[A/(LD)] 16.7 50
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we successfully fabricated and tested aperture masks in 0.25-mil-thick
aluminum foil. A 1-mil-diameter aperture was formed in the foil using
an electric discharge milling machine. Fig. 4 is a photomicrograph
of such an aperture. The face of the mask in contact with the LED
is sprayed with an insulating plastic (Krylon) of neutral optical
properties to prevent the diode from being short circuited.

Fig. 4—Photomicrograph of 1-mil-diameter aperture in 0.25-mil-thick
aluminum foil.

The foil masks were assembled with both SH and DH diodes, and
the mask efficiencies experimentally determined. The data are given
in Table 1. Excellent agreement with the computed efficiencies was
obtained. For the DH diode with the smaller emitting junction area,
the measured transmission efficiency is approximately 50%.

2.3 Characteristics of Polarizing Sheets

Fig. 5 shows the transmission efficiency of Polaroid HN-32 polar-
izing sheets as a function of wavelength as measured on a spectrometer.
The transmission efficiency was measured for the two conditions of
the polarizer-analyzer—uncrossed (parallel) and crossed. The HN-32
sheets are characterized by low losses and high extinction ratio up
to 8000 A.

To minimize the separation between the LED and garnet film it
is necessary to utilize a thin polarizing sheet. Polaroid sheets with
high transmission and extinction properties are not available in sheet
form less than 10 mils thick. We were successful in polishing the
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Fig. b—Transmission properties of HN-32 polarizers.

plastic on both sides of an HN-32 Polaroid sheet with an original
thickness of 10 mils to a final thickness of approximately 1 mil. The
polishing caused no significant changes in the polarizing properties
of the sheets.

2.4 Photodetector Circuits

The characteristics of the p-i-n diodes used in the evaluation of
optical detection are listed in Table 2. The spectral sensitivity of a
PIN-10 diode was separately measured, and the data are shown in Fig
6. The spectral sensitivity is essentially constant over the range from
6000 to 9500 A.

Table 2—p-i-n Diode Photodetectors

Nominal
uDT Diameter of Sensitivity Nominal Capacitance
Device No. Active Area at 8500A (pF)
(mils) (LA /W) v=560 V v=5V
PIN-6 88 0.3 b 30
PIN-10 500 0.3 130 360
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Fig. 6—Spectral sensitivity of PIN-10 silicon photodiode.

For dynamic detection experiments, the circuit shown in Fig. 7
was used. The circuit consists of a reverse-biased PIN-5 diode con-
nected to a 5.1-kilohm load resistor. An integrated ac-coupled differ-
ential amplifier is used to increase the signal developed across the
load resistor. The single-ended output of the amplifier is ac-coupled
to an oscilloscope. The amplifier input impedance is 25 kilohms in
shunt with a capacitance of 3 pF. For a PIN-5 diode, the capacitance
is 18 pF, giving an input circuit time constant of 130 nsec and an
equivalent 3-dB point of 1.2 MHz.

The amplifier gain is 34 dB (voltage ratio of 52) and is essentially
constant over the pass band. With the input short circuited to
ground, the rms noise voltage measured at the output is 1.6 mV. With
approximately 20 uW of light at a wavelength of 6328 A (from an
He-Ne laser) incident on the PIN-5 diode, the rms noise output is

Fig. 7—Detector circuit.
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1.7 mV. Thus, the main contribution to the noise is from the amplifier
and not the p-i-n detector.

3. Optical Detection—Experimental

A number of critical experiments were undertaken to demonstrate
optical detection of cylindrical domains.* The results of these experi-
ments are described below.

3.1 Laser Source

Orthoferrites—Using the experimental setup described in the Ap-
pendix, we showed that bubble domains with a diameter of 25 pm in
Sm ysTb 4sFeO; orthoferrite platelets could be reliably detected using
a laser as a light source. Briefly, the data obtained are as follows:

Source Laser at 6328 &

Polarizer & analyzer HN-32 sheets, 10-mils thick

Bubble material Sm 55 Tb 45 FeOg platelet, 0.8-mil thick
Detector PIN-5 with 5-kilohm load

I, = 40 p W

Al = 1.8 uW

Signal difference AV 27mV

Signal-to-noise ratio SNR 40 dB

The signal difference AV corresponding to Al appears at the input
of the amplifier. The SNR is referred to the amplifier output.

Garnets—Using the same setup as above we attempted to detect
bubble domains propagating around a T-bar racetrack in a EuEr
garnet film epitaxially grown on a GGG substrate. The setup was
modified by the incorporation of a beam expander ahead of the micro-
scope condenser to permit focusing of the laser to an 8-um spot on
the garnet film.

In an initial test we switched the magnetization of the garnet film
with a normal magnetic field. This gave the maximum signal that
could be obtained. The experimental data obtained are as follows:

Bubble material = Epitaxial film of nominal composition
Eu,Er,Ga ;Fe, 30,,

Film thickness = 10 um on surface containing racetrack and 6.2
pm on the opposite surface of the GGG
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I, =120 pW (147 mV developed by the p-i-n diode)

Al = 0.53 uW (0.66 mV developed by the p-i-n diode

Light transmitted by garnet/light incident = Ce—%* = 0.276
Estimated Faraday rotation = 1.47°/mil

The estimated FR falls in the range of values measured for this
composition.

The expected signal for detection of bubble domains propagating
around the racetrack would be less than the 0.66 mV observed by
switching the magnetization due to the following factors:

(a) Disparity in size between 6-um bubbles and 8-um-diameter beam
(b) Masking by propagation elements (estimated 0.38).

(c) The Faraday rotation from one film only (10-um thick) is
effective in generating the signal (0.62).

The calculated peak signal to be expected under these condition is
= 90 pV. When detection was actually attempted, no signal could be
observed. The system random noise was = 30 uV rms, so that the
SNR was only 3. Additionally, residual stripe domains in the film
on the reverse side of the GGG substrate produced dynamic effects
that generated noise under the action of the rotating magnetic field.
This noise interfered with the signal.

3.2 LED Sources

Using a setup similar to that shown sechematically in Fig. 1, we
were able to detect signal outputs from the photodetector when the
magnetization in the bubble platelet was reversed by a magnetic field
normal to the platelet. Experiments were conducted using samples of
orthoferrites and garnets. The setup consisted of the following
components.

LED SH junction diode emitting at 7600 A

Excitation 100 mA, dc, or 1-A pulse at a duty cycle of
0.1%

Total light output 116 uW dc or 2.75 mW pulsed

Aperture 1 mil diameter in 0.25-mil aluminum foil

Polarizer 1.5-mil-thick sheet of HN-32

Analyzer 10-mil-thick sheet of HN-32

Detector PIN-10 with 5 kilohm load.
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The sample characteristics are as follows:
(a) Garnet composition: A (111) platelet of Biz,,Ca,,V,Fe; 0,, with
x == 1.14 prepared from a flux crystal®
Platelet thickness: 1.7 mils
Absorption e—: 0.53
Faraday rotation 8: 10.8°/mil

(b) Orthoferrite composition: Sm ;;Tb ,;Fe0;
Platelet thickness: 1.08 mils

Absorption e—a!: 0.25
Faraday rotation 8: 6.5°/mil
Birefringence p: 266°/mil

The experimental data obtained by switching the magnetization in
the samples (340 Oe for the BCV garnet and 100 Oe for the SmTb
orthoferrite) are given in Table 3.

Table 3—Experimental Data for MOD

BCV Garnet SmTb Orthoferrite

LED Drive 100 mA de 1 A pulsed | 100 ma DC 1 A pulsed

I, (e W) 8.9 200 8.4 200
Al (eW) 0.9 18 0.04 1

The results show that the pulsed signal output increases by a
factor of approximately 24 for a factor-of-10 increase in LED drive
current. This is accounted for by a measured increase in LED effi-
ciency in the pulsed mode by a factor of 2.4.

In calculations using the garnet parameters given above and the
expression

U
Al = — e—et gin(26t) (2]
2

we obtain A7 = 32 xW. Calculated reflective losses at the garnet surface
reduce A/ by approximately 30¢ to yield Al = 22 W. in close agree-
ment to the measured value of 18 uW.

Fig. 8 shows the oscilloscope trace obtained with the BCV garnet
sample under conditions differing slightly from the above data. The
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p-i-n detector was connected to the oscilloscope input with several
feet of coaxial cable resulting in the relatively long rise time seen in
the traces. Since the polarizer analyzer are set at 45°, a pedestal of
27 mV corresponding to “1” binary state is generated. The difference
signal of 18 mV corresponds to the switching of the magnetization in
the garnet.

Fig. 8—O0scilloscope traces showing MOD output for binary states of BCV
garnet platelet.

For the orthoferrite sample, similar calculations show reasonable
agreement with the experimental data. Because of the high bire-
fringence, the exact determination of the sample thickness is important.

4. Optical Detection—Projection

The light power required for the detection of bubble domains with a
diameter of 8 um may be estimated from the results presented above.

For the p-i-n diode the sensitivity is ~ 0.25 pA/uW, and the load
resistor is 5 kilohms. Thus, a differential signal of 1 mV results from
a A of 0.8 pW.

For a bubble film with magneto-optic properties of BCV and a
thickness ¢ of 0.5 mil (12.56 um), a bubble diameter of 15 mil (8 um),
absorption e—«¢ = (.83, and reflection losses of 30%, the desired 1-mV
sense signal may be obtained for

2A1
Io = =153 ,U.W,
Ce—2t gin (20t)

where C = 0.7 accounts for reflection losses.
For a polarizer transmission efficiency of 46% (1 sheet of HN-32),
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the power transmitted by the defining aperture should be = 33.3 uW.
For an emitting junction area of 1.2 square mils and an aperture
area of 0.09 square mil (Y3-mil diameter aperture), the maximum
aperture transmission efficiency is 7.5% . Thus, the power needed from
the LED is = 450 uW.

Referring to Table 1, we note that the DH junction diode is poten-
tially capable of generating the required light power if it is excited
with approximately 200 mA. A reduction in the dimension D from
6 mils to 2 mils is not expected to lead to a reduction in light output
but will reduce the required excitation to approximately 70 mA.

Detection of small-diameter bubbles may be accomplished with a
p-i-n diode of small active area. Assuming that the optical beam is
contained in a cone of half angle of 45° and that a GGG substrate
20 mils thick is used, then a diode with an active area having a di-
ameter of 20 mils is large enough to intercept the optical beam. The
decreased divergence of the beam is a result of the high index of
refraction of GGG.

For a diode of 20 mils diameter, the time constant of the input
circuit is estimated to be 50 nsec, with a corresponding 3-dB-down
frequency of 3.2 MHz. A wider bandwidth may be realized by reduc-
ing the load resistor from the selected value of 5 kilohms.

The SNR for a signal of 1 mV and a bandwidth of 3.2 MHz is
expected to be in excess of 26 dB. Considerable improvement in SNR
may be realized by using a low-noise amplifier,

5. Conclusions

Optical detection of bubble domains requires a garnet film that com-
bines bubble properties with superior magneto-optic properties. The
Faraday rotation of conventional bubble garnet compositions is in-
adequate for optical sensing. The BCV garnet has desirable magneto-
optic properties* and has been shown to have uniaxial properties in
slices cut from flux-grown crystals,® but has not been grown as an
epitaxial film on a non-magnetic substrate.

Recent data indicate that the Faraday rotation of YIG:Bi is high®’
and that epitaxial films can be grown” on Gd;Gaz0,, substrates. Thus
we can expect that bubble films of superior magneto-optic properties
can be realized.
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Fig. 9—Optical detection test apparatus.
Appendix—Experimental Setup for Dynamic Bubble Detection

The test system used is shown schematically in Fig. 9. A bubble
platelet with a T-bar pattern on a glass overlay is located within two
pairs of Helmholtz coils that were mounted on a microscope stage.
The bubble circuit could be observed visually through the microscope
when desired. For sensing, a silicon PIN-5 photodiode replaced the
viewing objective by rotating the microscope turret.

Light from an He-Ne laser was focused to a 2-mil-diameter spot
as shown in Fig. 10(a). This spot could be located at any point on
the permalloy circuit.
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Fig. 10(a)—Bubble in Sm..Tb ;FeO, illuminated by focused He-Ne laser
beam (diameter approximately 2 mils).
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Fig. 10(b)— (Top) Drive pulses for generating rotating in-plane magnetic
field (15 usec/cycle) and (bottom) optical sense signal from
bubble detected with a Si PIN-5 photodiode.

Fig. 10(c)—¢'lop) Optical sense signal for bubble detected “on the fly”
and (bottom) drive current pulses for generating rotating
in-plane field (40 msec/cycle).
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The coils were driven by a set of four Rutherford pulse generators
to provide a rotating drive field in the plane of the bubble platelet.
The subsequent magnetic switching of the T-bar elements resulted
in bubbles circulating on the track. As a bubble passed by the focused
light beam, a sense signal was generated, amplified, and observed on
an oscilloscope.

The drive pulses were delivered at a fairly low duty cycle. Each
series of pulses resulted in a 360° rotation of the drive field and the
translation of the bubble by one period of the T-bar structure. In
Fig. 10(b), a sense signal is shown that appears when the bubble is
at rest between drive cycles. In Fig. 10(c), the position of the laser
beam was shifted so that the sense signal was generated when the
bubble was “on the fly.”

In the case of orthoferrites, the signal difference is given by

Cl,
Al =

sin x sin ¢

where x = tan—126/p and ¢ = \/p2 + (20)2t. 0 is the Faraday rotation
and p the birefringence.
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Vented-Bore He-Cd Lasers

Karl G. Hernqvist
RCA Laboratories, Princeton, N. J. 08540

Abstract—A new type of He-Cd laser tube construction is described that allows
accurate control of the cadmium vapor density in the discharge bore.
A vented-bore tube is placed inside a cadmium-vapor reservoir. The
construction and performance of such lasers is described. A two-fold
increase of output power and a five-fold reduction of radiation noise is
achieved as compared to the performance of conventional straight-
bore lasers.

Introduction

Maximum output of an He-Cd laser occurs at a specific cadmium vapor
density in the discharge bore. Common practice in these laser
tubes "* is to supply cadmium vapor at a predetermined rate at the
anode end of the bore and to let cataphoretic transport of cadmium by
the discharge determine the vapor density along the full length of the
bore. It has been found, however, that the cataphoretic effect does
not uniquely define the vapor density in long bores, and considerable
deviations from optimum density may occur both in time and posi-
tion.® As a consequence, the power output falls short of the potential
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Fig. 1-——Schematic drawing showing vented-bore He-Cd laser.

capability of the laser medium, and radiation noise may be excessive.
To solve this problem, it is necessary to reinforce the optimum
cadmium density at regular intervals along the length of the bore.**
We have found that the simplest and most accurate way of doing this
is to place the discharge bore inside a larger cadmium vapor reservoir
and to let the two chambers communicate via vent holes cut in the
bore at appropriate intervals. This paper describes the construction
and performance of such vented-bore lasers.

Generally these lasers achieve a two-fold increase of output power
and a five-fold reduction of radiation noise compared to the perform-
ance of conventional straight-bore lasers. In addition, the gain in these
lasers is high enough to allow use of natural cadmium, even for short
tubes, thus simplying construction and operation.

Construction of Vented-Bore He-Cd Lasers

Figs. 1 and 2 show the construction of a vented-bore He-Cd laser. The
principal parts of the discharge conduction path include the cold
cathode, the vented bore. the cataphoretic confinement section, and

Fig. 2-——Photograph showing vented-bore He-Cd laser.
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the anode. The bore is coaxially positioned in the large-diameter gas
reservoir, and the bore and the reservoir communicate via the evenly
spaced vent holes. Metal grids between the vent holes prevent
electrical breakdown in the reservoir. The cadmium pool is also
positioned in the reservoir, and an external heater controls its temp-
erature. The reservoir region is provided with external thermal isola-
tion to assure that the cadmium pool region is the coolest part of the
reservoir chamber during operation.

After the laser has been started, the heat from the discharge is
sufficient to raise the reservoir temperature above the condensation
temperature of cadmium at the pool (250-275°C). The cadmium vapor
then uniformly fills the reservoir and the communication via the vent
holes assures that the deviation of vapor density in the bore is kept
to a minimum. Cadmium is transported by cataphoresis out to the
cathode region, and a sufficient supply of cadmium must be provided
for the life of the tube (of the order of 1 gram/1000 hours)." In
principle, the cadmium pool could be located anywhere within the vapor
reservoir. However, sinee there is a net cataphoretic transport of
cadmium through the bore towards the cathode, a density gradient
would have to be established within the reservoir if the pool were
located anywhere except at the anode end of the reservoir.® This density
gradient would cause a corresponding deviation from the optimum
density in the bore. Furthermore, it is essential that the pool com-
municates rapidly with any part of the reservoir. Since the transport
rate (per unit area) of cadmium in the discharge bore is about 100
times higher than in the reservoir,® a ratio of reservoir-to-bore dia-
meter of about 10 is desirable to assure a minimum of density
deviations.

The optimum separation of the vent holes is more difficult to esti-
mate. Studies on recirculation-type lasers® indicated that stable
discharge striations existed for a length of about 2 ¢m in a 1.2-mm-
bore tube. A reservoir separation of 6-8 ¢cm in a 2-mm-bore tube was
chosen in a segmented bore design.* We have found that a value of 20
for the ratio of vent-hole separation to bore diameter yields good
laser performance, y