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Abstract JUl  2 7 1998 
O S T I  

This proposal requests Slnding for a 3-year renewal of the DOIE advanced accelerator ELftD (AARD) pro- 
gram at Te.uas A&h4 University. Our program to date has focused on the development of the gigatron. a compact 
high-efkiency microwave driver for future linac colliden. We report results and progress in that project. and plan 
to bring it to a nulestone and conclusion by mid-1995. We propose to initiate a second project. the development of 
a new technology for ultra-high field s u p e m n m n g  magnets for fuhue hadron cofJiders. This project burl& 
upon two magnet designs which we have introdwed during the past year. which have the potential for a dramatic 
extension of the achievable field strength for both dipoles and quadrupoles. 

During the past year, wc have achieved direct emission into vacuum fiom two gated fieidemission cath- 
ode tcc~logics, a knife4ge array and a porous silicon strucme. Each cathode svucwe is designed to optimize 
dina microwave modulation. The gate gmmetxy and drive conductor pa#erns for this purpose muire multi-mask 
IC fabricatioa strategies. and have required substaatial process deveiopment. CaUmdes SUitaMe for triode emissic 
studies have been fabricated suax&My. White these prdd-jxinciple tests are enanuaging, coasider;tble effort 
remains before either cathode could be incorporated within a microwave power &vice. At the same time, more 
conventional approaches to high power and high eiiiciency at C band have been improved to provide r.f drive 
performance close to that required for the Next Linear Collider (NLC). 

We propose to continue the present effort through the first six months of the extended program. The 
specific objective is to build and test a round-beam microwave-modulated cathode, which couid either serve as the 
precursor to further development of microwave power devices or as a stand-alone modLllated ca- for linacs. 
We intend to continue gigatron development toward those ob~eaives, and will seek funding from other sources. 

We propose to make a major shift in the direction of c?u AARD propam: the development of ultra-high 
field superconducting magnets for future haQon coiliden. During the past ycat we have invented field designs 
which promise to extend dipole field strength to 16 Tesla and guadnrpole @en! to 300 T/m. We have dwised 
coil fabrication techniques for m S n  coils which should provide simpler and more reliable Eabrication and superior 
mechanical and thermal performance. One of the magnet designs, the pipe dipole, has a field geomevy suitable 
for use with tape conductor, without the usual limitations due to c-g currents, which ultimately could provide 
a basis for developing practical magnets with A15 or BSCCO conductors. We have fonned a collaboration with 
the Superconducting h4agnet Group at LBL, to develop and test magnets embodying these develapments. The 
primazy focus of the TAMU p r o g r a m  will be dipoles; after the testiag of the D20 dipole the Primary focus of the 
LBL program will be quadrupoles. Ifsuaxdul, we would provide a twofbld improvement in the state of the art of 
superconducting magnet technology for fuaue hadron colliders. 

A substantial base of equipment is nquested from both DOE and the Texas National Research Laboratory 
Commission (TNRLC). from the inventory of assets which are to be t r a n s f e r r e d  in the terminaton of the SSC. The 
equipment would be used to establish facilities for E?brication and testing of model 1nagwt.s at Texas AgtM Uni- 
versity. In addition, interim salary support is quested fxum TNRLC and SSCL to bridge 9 SSC personnel cturing 
the transition period fiom their currently scheduled layoff through the first months of the poposed grant renewal. 

In support of the expanded scope of the program, TEES commits cost-shuing io the form of re- 
turned iodirect costs, totrrling ss00,OOO during the %year period A 20,000 wft. facilitg hrs been allocated 
to h o w  tbe magnet dcvdopmem activity. 

The 3-year renewal ~noposal is dructured in two tasks: fabrication and testing ofa  mi- cathode as 
a &month conclusion ofthe gigatron project; and high-field supemnducting dipole dcveiopcnent. For each task a 
scope of work, a schcduJe, and a budge? are presented. The personnel for the prog ram comprise the present grwp 
at Texas A&M University, milaborators at Sam Houston State University, and personnel who d d  relocate to 
Texas A&M from SSC and from HARC. The equipment and facilities requid fw the gigatrOn conclusion are all 
in place. The facilities for the dipole development project are availaMe in a 20,000 sq.& aIl&on within a newfy 
acquired building complex at Texas A&M University. A division of effort between the LBL gmup and the Texas 
A&h4 group has been negotiated, which clses to best advantage the erqnrtise and Eacilities at each institution. The 
cost of fxility improvements and mcning and commissioning of the SSC equipment is contairsed within the cost- 
sharing accorded to the project by TEES. The objective ofthe proposed magnet program is to design, build, and 
test two short model magnets per year throughout the three-year penod, thereby providing a mtaningful empirical 
basis for the development a new generation of superamductlng cofider magnets. 
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I* Gigatron 

I 
The first endeavor of our program has been the development of a compact, high-efficiency 

microwave power source for efe- linac colliders. The Iuminosity of a linac collider will ultimately 
be limited by the energy efficiency with which the tremendous amount of microwave power (-100 
MW/m) can be generated. For this purpose we invented and have been developing the gigatron, a 
new approach to microwave power tube design' ,'. 

Gigamn as a microwave power technoiogy. 
The gigatron design concept is illustrated in Figure 1-1 and is described in detail in Ap- 

pendix A. It features three novel developments: First, a gated field-emitter array is employed for 
the cathode, to produce a nkrowave-modulared electron beam directly into the vacuum. Second, 
rather than the conventional round beam, a ribbon beam geometry is adopted to mitigate limita- 
tions from space charge. Third, a traveling wave coupler is used to obtain optimum output cou- 
pling even with a wide ribbon beam. By contrast, all conventional microwave power tubes begin 
with a d.c. electron beam, accelerate it, modulate its energy, pass it through a drift region in which 
it develops a current modulation, then passes it through an output coupler. The modulatioddrifl 
section typically sets fbndamental limits to the efficiency, power, and bandwidth of power tube 
technologies. By starting with a modulated beam, gigatron would be able to eliminate these 
stages altogether. The calculated performance of gigatron would considerably exceed anything 
yet achieved, and would meet the drive power reqirements of linear collider designs': 

-- 18 GHz operating frequency; 
-- 100 MW peak power for a 1 m device; 
- 200 kV HV modulation; 
-- >So% efficiency; 
- >40 dB power gain. 

C a t h d  technology development. 
Our work to date has focused on the modulated cathode which is the heart of the gigatron 

concept. We have achieved gated field emission and modulation of emitted beam into vacuum 
with each of two technologies: a knife-edge emitter array3 with -280 A edge radius, 1,OOO A gate 
spacing, and 8 pm substrate spacing (Figure 1-2); and a porous silicon cathode' with a dense 
pattern of field-emitting pores and a thin gold gate layer (Figure 1-3). During the past year this 
work has resulted in the thesis research and completion of degrees by two of our graduate stu- 
dents: Bo Lee (knifeedge arrays) and Don Smith (porous silicon). The copies of both students' 
theses are attached and provide a detailed report of our research to date. 

Program milestones. 
We began the gigatron development program in 1988 with a systematic &nceptual design 

of the modulated cathode, ribbon beam geometrv, and output coupler. The first great challenge in 
the development of the gigatron is the demonstration of a viable technology for using gated field 
emitters under microwave modulation. We extrapolated the possible performance from the then- 
available field emitter cathodes which had been successtiilly developed by C.A Spindt et ai?" for 
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display applications. While these cathodes ac~eved high current density (up to 1000 Ncmz), the 
drive power required for microwave modulation would swmely compromise the power gain and 
average power which could be achieved in a gigatton. We addressed this problem by developing 
a design for a resonant input coupler, shown in Figure f -4. The coupler locakes the current flow 
which is required to charge and discharge the gatelcathode junction, and thereby improves modu- 
lation performance by 20 dB 

In 1990, our tests of tip-array field emission cathodes fabricated by Spindt et a15 *6 at SRI 
enabled us to identi@ specific features of the cathode structure which limit microwave modula- 
tion. These include resistivity of the gate film and substrate, parasitic capacitance between gate 
and substrate, susceptibility of the gate to damage during high-voltage breakdown, and insuffi- 
cient didectxic strength on the gatdsubstrate insulation to support the bias voltage needed to 
sustain large emission curren~ density. In 1991, we set out to develop two new kinds of highly 
emissive field emission cathodes: a striplie knife-edge cathode which incr-s the surface den- 
sity of emitters by a factor of 100 compared to tip arrays, and a porous silicon cathode, inspired 
by studies of diodes that had been conducted at the TAMU Dept. of Electrical Engineering’. 

Our original knife-edge cathode design was improved in 1992 with a new fabrication ap- 
proach’ which produces very sharp, tall blades and a very nmow control gap for modulation, as 
shown in Figure 1-2. In the summer of 1993, we succeeded in generating field emission into vac- 
uum fiom the improved knife-edge array, with a turn-on voltage for emission of about 25 V. Our 
work to date in developing the knife-edge cathodes is presented in the thesis of Bo Lee (Appendix 
C). While we have succeeded in obtaining gated emission fiom the new cathodes, we are still 
struggling with the control of one fabrication p c e s s  step, which fiequently leaves a shard of gold 
in the crucial control gap, causing shorting of the gate and arc damage to the diode region. This 
remaining problem should be viewed in a context of complete success in achieving excellent proc- 
ess control over all other process steps, each of which in its turn posed a Similarly serious obsta- 
cle. We are currently adapting an electroless plating process, developed at IBM, which produces 
the gate metafization and its gate opening at the knife-edge without the plasma etching step which 
gives the troublesome shard. This is the last step of the process, and we should then be able to 
routinely fabricate successhi cathodes. 

We obtained a very early preliminary success in diode emission &om porous silicon layers: 
1 mm2 cathodes delivered 20 Ncm2 peak Gunrent for a gate modulation voltage of only 10 V. 
After a considerable effort of varying and tuning the manufacturing process parameters, we pro- 
duced field emission fiom porous silicon in a triode configuration, directly into vacuum, near the 
end of I992 - to our knowledge the first time this has ever been observed. Since then, new record 
emissivity has been achieved with porous silicon emitters in diode tests (now in vacuum), with a 
current density of 700 A/mZ at 18.6 V modulation in pulsed mode (1.4 A from an area of about 
0.2 mm2). We have developed a triode cathode in which the emission into vacuum is controlled 
by a thin (-50 A thick) gold metalization, in a configuration which accommodates low charging 
impedance and small parasitic capacitance. Our work to date in developing the oxidized porous 
silicon (OPS) cathodes is presented in Appendix B (Mr. Smith’s thesis). We have succeeded in 
fabricating and testing such cathodes (Figure 1-3). Figure 1-5 shows the first-ever observation of 
modulated direct emission into vacuum from a gated porous silicon triode. 
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The fabrication of both cathode devices has required a steadily growing sophistication in 
process technology. During the past three years, we have commissioned two class 100 clean 
rooms, a lithography system, a magnetron sputtering system, an oxidation %mace, a mask aligner, 
two etchers, a wire bonder, a wafer saw, a vacuum test stand, a laser-backscatter end-point detec- 
tor, and a cryogenic evaporator’. 

For each cathode technology we have succeeded in controlling the geometry, materials, 
and surfaces of devices with a feature sue of -1,OOO A. We have built and tested triode proto- 
types of each technology. The cunent density required for the gigatron cathode has been 
achieved in diode operation, and the cathode gate stnicture should support a bandwidth up to 30 
GHz. Unfortunately however, neither technology is yet capable of producing robust cathodes. 
Our results to date demonstrate that the god of 12 GHz emission, 20 #cm* current density is 
achievable. The required current density has not yet been achieved in triode prototypes, although 
substantial progress has been made. At the Same time, more conventional approaches to high 
power and high efficiency at C band have improved to provide performance close to that required 
for the Next Linear Collider (NLC), although the more ambitious TeV collider designs will re- 
quire gigatron or its equivalent. 

Proposed conclusion in 1995. 
We propose to continue the present effort through the first six months of the extended 

program (through July 1995) with the specific objective to build and test a round-beam micro- 
wave-modulated cathode, shown in Figure 1-6. The cathode could either form the precursor to 
fbrther development of microwave power tubes or be used as a stand-alone modulated cathode 
for linacs. We are seeking finding from other sources to continue cathode development and the 
gigatron thereafter. 

We began the gigatron development in 1988, with an objective to build a prototype power 
tube in three years. Our progress towards this goal has been paced by the first step: fabrication of 
the gated field-emission cathode. Fabricating a submicron cathode structure suitable for micro- 
wave modulation is a very difficult technology. Many groups have striven towards this goal for 
other applications and finally abandoned it as unachievable We have advanced the state-of-the- 
art in several important respects: we have invented two quite different designs for such a cathode, 
each of which has far better intrinsic performance for microwave modulation than any previous 
design; and we have developed fabrication processes by which we have succeeded in building and 
testing actual cathodes of each design. It has taken six years to achieve what we first projected 
would take two years. For some comfort in this regard, we note that the first pioneering steps in 
gated field-emitter cathodes by Spindt took twenty years from concept to practical display de- 
vices. It is a difficult technology. 

At the same time, we are of course aware that progress has been continuing in the im- 
provement of conventional approaches to the RF drive requirements of lmix colliders. Improved 
designs for both arrays of conventional klystrons and relativistic klystrons have demonstrated the 
capability to deliver 100 MW power at 12 GHz, the fiequency of choice for NLC. We therefore 
are proposing a terminal extension of this task of our DOE grant, aimed at the limited objective of 
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demonstrating microwave modulation of a r o u d - k m  @igatrern c;ftSlscle. Such a cathode would 
provide the basis for subsequent development ofgigatron and other microwave power devices. It  
would also provide a directly moddated cathode fo:. linacs 

We are encouraged by our progress, and frustrated by the time consumed in solving the 
myriad problems in process development and device physics and the remaining challenges facing 
us. We plan to continue development of the gigatron technology for applications to microwave 
power, pulse-modulated cathodes, and flat-panel disptays. We will seek fbnding fiom other 
sources as appropriate. We cannot jus@ continued fhding under the AARD program beyond 
the proposed milestone, in light of the improving performance of conventional RF power sources 
for NLC needs. 

Figure 1-1. tsometric view of gigatron concept: gated field-emitter cathode; ribbon beam 
geometry; traveling wave coupler. 
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Figure 1-2. SEM image of a knife-edge cathode, showing the knife-edge and substrate, the 
polyimide dielectric, and the gate metalization flanking the emitting edge. 

Figure 1-3. SEM image of a second-generation OPS cathode, showing the emitting surface, 
the current feed line, and the thin gate metalization over the pores. 
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Figure 1-4. Detail of gated field-emitter cathode and resonant input coupler. 
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Figure 1-5. Transfer function for several OPS triodes. This is the first observation of tri- 
ode operation of an OPS field-emission device.' 
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Figure 1-6. Round-beam gigatron cathode, configured for coaxial 50-ohm modulation. 
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In mid-1992, we began investigating the possibility that an electron beam could be ex- 
tracted fiom a porous silicon layer. This work was motivated by a remarkable discovery' by Y.K. 
Yue, then a E.E. graduate student at Te& A&M, that such layers exhibit a copious current when 
configured as a diode, where a surface metalization forms the anode and the substrate silicon 
forms the cathode. Currents of -100 A/cm2 were achieved, and the IN characteristic exhibited 
the Fowler-Nordheim dependence characteristic of field emission. The physical origin of the 
emission process was unclear, and indeed is still a subject of debate and experirr,ent. We set out 
to study the dependence of the fieldemission performance on the fabrication process useu to 
create the porous layer, and to attempt to develop a triode geometry in which the thick anode of a 
diode would be replaced by a thin gate metalization wfiich could be used to extract the emitted 
electrons into the vacuum. 

Porous Silicon. 
Porous silicon was discovered in the 1950's by Uhlir and Turner" while studying the elec- 

tropolishing of silicon wafers in dilute hydrofluoric acid (HF) solutions. Within a range of process 
parameters, the silicon is anodically etched to form a dense array of pores. The pore diameter can 
be varied over the range 100 A - 5pm, and the pores can be etched to form continuous paraIIe1 
channels through a layer thickness fiom -1 pm all the way to the entire thickness of a wafer (300 
pm). Figure 2- 1 shows an electron micrograph of one particular porous layer" which is pro- 
duced by seeding the etch process, as discussed below. Figure 2-2 shows an STM micrograph of 
the surface morphology of a porous layer. 

Formation of porous silicon is carried out by anodic oxidation in HF as shown in Figure 2- 
3. The silicon wafer is connected to the positive terminal of a power supply so that it serves as 
the anode; a platinum electrode is connected to the negative terminal. The chemical reactions 
have been studied by several researchers'*. In concentrated HF, the silicon is etched at the sur- 
face by the reaction 

where h represents a hole, e an electron, and n<2 is determined by conduction band and valence 
band efficiencies. SiFz is an unstable substance; it reacts with HF to form silicic acid (H2SiFs) and 
hydrogen gas. 

Si + 2 HF + (2-n) h -+ SiFz + 2 H' + ne. 

The role of holes is essential in the anodic reaction. In P-type silicon, where the majority 
of carriers are holes, the reaction can be carried out easily. In N-type silicon, however, holes must 
be otherwise introduced in order to carry out the reaction. One way to do this is to illuminate the 
surface: light with h 4 . 2  pm can produce e-h pairs in silicon. High-intensity illumination can be 
used to produce a large hole density near the surface. Another way to generate holes is to apply 
sufficient voltage to the electrodes to cause avalanche breakdown in the space charge region. 
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During the anodic dissolution, a prous layer is famed on the &ace of the wafer. A 
model of this process was developed by Mernming and and later by Unaga~ni'~ : 

the Si Surface is covered with F ions; 
when an electric field is applied across the Si-eiectrolyte interface, holes move towards the 
surface; 
as hales reach the surface, they are trapped OR the Si-SI bonds, weakening them; 
Si-F groups farm at the surface, and dissolve into the liquid; 
Fions occupy the holes and release the charge; 
an insoluble Surface porous film forms tiom the deposition of elementary Si durins the initial 
anodization; 
the dopants are leached f%om the side wds  so that the anodic reactions can occur only at the 
base of the pores. 

A wide variety of pore sizes, geometries, and electrical properties can be achieved by 
varying the critical process parameters: dopant type and density, a&& crystalline plane, current 
density of anodization, and electrolyte chemistry. As two examples, Figure 2-1 shows an SEM 
image" of porous silicon with -1 pm pore size, 100 pm depth, and extremely regular pore con- 
figuration; Figure 2-2 and Figure 2-3 show the surface of a porous layer with pore size -100 & 
depth -1 pm, and complex interconnected configuration. The former layer exhibits little field 
emissivity, while the latter is the most copious field-emission diode ever tested (700 A/cm* at 10 
V). The microphysics of the emission process is still the subject of conjecture and experiment. 

In the past two years, we bave overcome several major milestones in the maturation of this 
technology. Eight months after beginning our work on ox idd  porous silicon field-emitting de- 
vices (OPSFEDs), we developed the worlds first successll process for Eabricating gated field 
emission triodes from oxidized porous silicon. The results fiom these devices were extremely en- 
couraging, and warranted hrther study of the technology. The greatest problem for gigatron 
performance has been the extremely large gate current which accompanies the emission into vac- 
uum - typicaUy 1,OOO times greater than the emission current! 

In the past year, we have successllly overcome one hurdle after another to develop a 
second-generation gated field emission cathode, more Suited to the required fiequency modulation 
and power gain. At the time of this writing, the very first of the second-generation devices have 
been tested. One of these has achieved an emission current equal to the gate current - a dramatic 
improvement which moves us closer to performance which would be Suitable for microwave 
modulation experiments. Such experiments were the objective of this year's program; we are -6 
months behind o w  schedule in achieving this milestone with the porous silicon cathode. 

In the next year, we plan to execute a carefid optimization of the technologies involved in 
device fabrication. During the balance of 1994, we plan to concentrate our development on the 
reduction of the gate current which accompanies collector current. The ratio Is/I. varies dramati- 
cally fiom sample to sample as we vary the process parameters with which we Wricate the po- 
rous layer and its gate metahtion. It is critical to understand the origin of the intemption and 
of the dependence on fabrication and geometry ifwe are to achieve usefirl microwave modulation. 
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Figure 2-1. SEM image of a deep porous layer, in which pore etch was initiated by cone 
seeds and illumination; from Ref. 11. 
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Figure 2-3. STM image of the surface of an OPS triode: angle view. 
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I993 Achievement: Tme Gated Field Emission 
Since the development of the OPSFED by W. K. Yue7 in 1989, no method for achieving 

st'able three-terminal operation of a porous silicon field emission device had been successhl. A 
vacuum diode configuration fabricated in 1990 by V. Madduri managed to produce up to 19 PA 
of current across a 2 pm vacuum gap. Nearly 100 V was required to produce this current, how- 
ever. Using a true gated triode, we were able to produce 40 times the emission current across 
1000 times the gap with only one-fiflh the applied bias. 

A major challenge this year was to achieve gate modulation at the porous silicon surface 
without obscuring the tiny (-100 A diameter) pore apertures. For this purpose we adapted a 
cryo-evaporation process developed by J 8 k l e v i ~ ' ~  at Ford Motor Research. If gold is evaporated 
onto a substrate at r3om tempemure, up to a layer thickness of -500 A the gold is highly mobile 
on the surface and tends to a pattern of isolated clusters rather than a uniform film a= the lowest 
energy codiguration. In order to produce a d o r m  film for thinner layers, it is necessary to re- 
duce the temperature so that the configuration mobility (-e&*) is reduced. Once a uniform layer 
has been deposited, the film is stable and will persist after the device is warmed to room tempera- 
ture. One of the major achievements of the TAMU group for 1993-1994 was the successhl 
commissioning of an ultrahigh vacuum 0 cryoevaporator, enabling us to apply ultrathin con- 
ductive gold layers onto our OPSFED samples. 

First-generation triode tests. 
The majority of the 1992-1993 research was conducted with <lOo>-orierrted p-type sub- 

strates with resistivity of .001-.003 O-cm. For comparison, some <111> substrates with resistiv- 
ity of .005-.011 Q-cm were also studied. N-type <1 OO> substrates with a resistivity of .001 R-cm 
-were also studied at the outset of the research. Inconclusive results were obtained for these sam- 
ples, and more work on n-type substrates is planned. 

And i t ion  current density was varied in the range 10-130 mNcm2. Most of the samples 
were anodized for 10 seconds, but a few were anodized for 5 seconds to measure the effect on 
cathode emission of shorter anodization time. The anodization-eiectrolyte was 3 parts 48% aq. 
HF to 1 part absolute ethanol. The majority of the samples were oxidized in ambient dry O2 at 
850°C for 45 minutes. Several of the samples were oxidized for I hour. Over eighty samples in 
all were made and tested. They were shadow-coated with 2000 A of aluminum to form 
OPSFED's. The transfer fbnction of the devices was measured With a Tektronix Type 575 curve 
tracer. Scope traces of the transfer functions were taken, and this I-V data was used to evaIwte 
the relative performance of the devices. Fowler-Nordheim behavior was seen in over 65% of the 
samples fabricated. 

Normally a set of 12 devices are tested from each sample wder. The tkst four are de- 
structively tested to determine their maximum output w e n t  and to get an idea of the operating 
voltage of the set. For the rest of the devices, the voltage is measured at several &nission current 
levels within the operating limits of t5e set. It is seen that the operation of the devices is uniform 
within the set. Operating voltage of the devices ranged from a few volts to in excess of 180 V. 
Fowler-Nordheim emission current was measured from .1 mA to well in excess of 200 mA 
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Transconductance of the devices varied widely, and the exact parameters that control the 
transconductance are not yet perfectly understood. High tramconductance is a priority for mi- 
crowave modulation. We began experimenting with the tEF concentration and the resistivity in 
1994. The most ideal diode behavior in an OPS d e v k  to date was discovered in early June 1994. 
Figure 1-5 shows the Fowler-Nordheim pot of the device. 

It was hypothesized that the uftrathin gate layer would enable us to apply an electric field 
to the porous layer, sufficient to produce and modulate field emission, without intercepting the 
current at the surface, so that the device would fbnction as a cathode to control emission directly 
into vacuum. This hypothesis was proved to be valid. The utilization of the gate layer resulted in 
a triode which produced .8 mA of vacuum emission current across a 3 mm vacuum gap. Only 20 
V of gate bias was required to produce the emission, as shown in the Fowler-Nordheim plots 
shown in Figure 2-5. The deviation fiom a characteristic Fowler-Nordheim is roughly what one 
expects from the spacscharge potential of the gate cuxrent in the pores. 200 V of collector volt- 
age was s&cient to saturate the plate characteristic (Figure 2-6). 

The geometry used to produce the proofsf-principle OPS triodes was very simple and 
had a large parasitic capacitance. Therefore the modulation frequency of the devices was limited. 
Nevertheless, 5 MHz modulation was readily achieved. Oscilloscope traces of these results are 
presented in Figure 2-7. 
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Figure 2-5. Fowler-Nordheim plot of the triode emksion data of Fig. 1-5. 

I 

i 

1 
~ 

I 

1 

I 
I 

I 
i 

I 

! 

, 

I 
I I 
I 
i 
I 

i 
i 
! 

80 

70 
60 -- e 

50 .- m 

-- 
R 

8 
- -  

0 0 

0 

. 
I 

Figure 2-6. Plate characteristic of the above QPS triodes. 



a. 200IrHz. b. 1MHz. 

c. S M H Z .  
Figure 2-7. Modulated emission of electron current from an porous silicon triode. Top 
trace is gate voltage; bottom trace is emission current through s.10 kB resistor. 
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.Lessons@orn the Fmt  OPS Tr ids :  h i s f b r  rk Stage 11 Design 
The encouraging results from the fitst-gemation OPS tsbdes were accompanied by 

some results indicating the necessity of ikrther development sf the technology. The construc- 
tion of the first devices, as mentioned above, had a very simple geometry, in which the porous 
layer was surrounded by native silicon with a thin oxide layer on its surface. Figure 2-8 is a 
cross-section schematic of the fabrication process of the proofaf-principle triodes. Figure 2-9 
shows the mounting scheme for the devices. In order to make contact with the thin gold gate, it 
was necessary to apply a patch of conductive epoxy over an area of the actual cathode. This im- 
posed an irtrinsic gate interception, and made the effective emitting area somewhat probiemtic 
to characterize. As shown in Figure 1-5 and Figure 2-10, there was a loo0 to 1 ratio in gate 
current to emission current. In addition, the planar region surrounding the gated region pre- 
sented a large parasitic capacitance (-100 pF) which compromised efforts to achieve microwave 
modulation. 

The lack of a well-defined emission area resulted in the loss of a i3-m number for the 
actual trmmittexi emission current density, but the use of the particuiar gate connection method 
allowed the measurement of emission current density produced within the OPS matrix. In ex- 
cess of 700 Ncm2 was measured on a .5 mm gate connection at 1% duty cycle. We estimate a 
transmitted emission current density into vacuum of 10 Ncm2. 
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1. Ancsiiization 

. .  3. lkakamn 

I - - 
Figure 2-8. Fabrication process for first-generation O H  triodes. 

COMdon me\-I I I) substrateattatched 
to case (grounded) 

Figure 2-9. Mounting procedure for first-generation OPSFED cathodes. A tubular collec- 
tor was located -3 mm from the cathode to complete the test circuit. 
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Process Development for Stage N C a t W s  
In order to improve the frequency response of the wond-stage OPS cathode, Smith de- 

veloped the process outlined in Figure 2-12. The so-called "Stage E1 cathodes" have a parasitic 
capacitance of less than 20 pF, and allow operation to higher frequency than the first stage de- 
vices. In addition, flanking l pm-thick feed lines should provide a well-defined emission area, 
all-metal construction, and uniform biasing of the ultrathin gate layer (this last point has proved 
to be somewhat problematic in practice, as discussed below). During the first half of tkis year, 
all steps of the Stage 11 cathode fabrication process have been successfhlly completed in our 
clean room facility: 

Anisotropic etching, also called orientation dependent etching (ODE) is used on <loo>- 
oriented substrates to form a series of "mesa" structures. This process has been perfected 
by the group in the development of the knife-edge cathode stnrcnues. Polyirrrtde (PI) spin- 
on polymer GieleCtric is then applied, sofl baked, and axed. 

A computer-controlled PI curing oven was b d t  and commissioned during early 1994. It 
enables us to maintain tight control on the PI curing cycle, giving excellent reproducibility, 
high film density, strong adhesion, and no cracking. 

0 The cured PI is etched in a Tegal211 barrel plasma etcher until the silicon mesas are ex- 
po&. This step was a key improvement in the Stage II process, and has been perfected. . 
Mer PI etchback, an h4RC Sputtersphere is used to apply an adhesion layer of tita- 
niudtungsten and a 1 pm gold film to the entire surtice. An image-reversal process is then 
used to remove the gold film and its adhesion layer from the OPS mesas which will be the 
active area of the cathode. Perfection of this process was a second major process achieve- 

. ment during the past 6 months. Figure 1-3 shows a Stage II cathode &et this process step. 

The exposed silicon mesas are then anodized, using the gold feed lines and PI as etch mask. 
The gold feed lines are formed between the mesas, and the PI greatly reduces the parasitic 
gatdsubstrate capacitance in the finished device. - The gold and PI form an HF-resistant 
mask for patterning of the porous silicon (PS). 

The a n d i t i o n  process is used to produw a porous layer -1 jm thick on the mesas. The 
anodization of anisotropically etched features provides a higher effective anodization current 
density than that for anodization of planar surfaces. A low-temperature oxidation cycle is 
then used to convert the PS to OPS. The PI curing oven is used for this purpose. 

The gate layer is deposited in the final process step, using ow cryogenic evaporator system. 
By evaporating a film of gold onto a substrate at 77 "IC, Jaklevic showed that a uniform 
layer can be achieved even with film thickness of -50 A 
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m 1. ODE etch, form mesas 

s 5-7. Patternfeedlines 

Figure 2-12. Process outline for second-generation OPS cathodes. 
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Preliminary Resuksfiom Stage II Emitters: 
Figure 2-13 shows a cross-section S34 of% r;oqdeted second-generation OPS cathode. 

At the time of this writing, the first devices resulting &om the Stage TI process have been tested. 
Vacuum triode emission has been obtained. Emissisn &om the first batch of devices was unsta- 
ble, as with the first generation devices. The devices could not be conditioned to sustain emission 
at low gate voltage. The triode characteristic exhibited the same 1000: 1 ratio of gate to collector 
current, which would be useless for microwave devices. Figure 2-14 shows a micrograph of a 
cathode following attempts at conditioning. The regions immediately flanking the feed h e  have 
burned along each side: we are producing a fatal level of Id J d e  heating. We interpret this 
heating as Wig due to the Iarge gate w e n t  producing a voltage drop on the thin gate metaliza- 
tion, so that only the region immediately adjacent to the feed line receives the fidl gate voltage. 
Unless we can fiad and remove the origin of the large gate current, the OPS cathode will not 
provide a usefbl cathode technology. 

A second batch of devices produced one sample which exhibited a 1:l cumnt ratio: 
tbe gate cumnt was lo00 times smaller than before, witb roughiy the same collector cur- 
rCnL 

%e relation of OPS emission to pracess fabrication 
Field emission &om porous silicon films has been observed over a wide range of porous 

silicon formation conditions. An initial parametric search conducted by Smith was targeted at re- 
W i g  device performance to the a n d i t i o n  cument. Tum-on voltage of the devices was o b  
served to increase with increasing anodization current density. Shorter anodization times resulted 
in lower tumon voltages for the devices. < I  1 I;-oriented substrates were seen to give lower 
turn-on voltages and higher emission currents than comparable <1OO>-oriented substrates. <11 I>  
substrates are not well-suited for anisotropic etching of capacitantxmxiucing structures, so 
therefore more consideration was given to <100> substrates. 

The results of parametric morphology studies fiom the literature show that the pore depth 
is heady related to the anodization time, and that larger anodization ament density results in 
larger pore diametert6. The results of these morphology studies combined with the results of 
Smith’s electrical characterization studies give B first-order picture of the emission mechanism. 

The electric field in the porous matrix is paraltel to the pore walls in the body of the ma- 
trix. This field is distorted and enhanced in the neighborhood of the pore tip. The shallower OPS 
layers start with a stronger electric field, and thus require less voltage to initiate emission. Layers 
with larger pores have less electric field enhancement in the pore tip region, and thus require 
larger voltages for emission. 
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The smaU pore size associated with degenerately doped silicon (on the order of 10 nrn) 
makes detailed study of the porous morphology exceedingly difiicult. The actual formation 
mechanism of PS in p-type silicon is still poorly understood. The morphology change associated 
with the oxidation process has not been extensively studied, and greatly impacts the final OPS 
morphology. The role of pore branching and the effect of crystal orientation on emission are fur- 
ther considerations for a full understanding of this phenomenon. 



Uptimizatioti of the gate tmzsmmiori. 
Stimulated by this latest result, we are now proceeding to a systematic study of gate in- 

terception and its link to the fabrication process Good mnsmission requires that the morphol- 
ogy of the OPS layer be matched to the gate layer The second-generation OPS field-emission 
cathode should enable us to achieve such a match. It provides a wdl-defined emission area, 
from which emission current density can be precisely measured. Good separation of the feed 
line areas ensures that all gate current in the device is due to a mismatch of pore size and film 
thickness or to intrinsic features of the electron transport in the pores. For transmission, the 
most crucial steps in the process are those in which the flanking gold feed lines are formed and 
the thin gold is deposited over both the porous layer and the feed lines. Our work to date sug- 
gests that the contact between feed line and thin gold is intermittent, and may be the cause of 
both the poor gate transmission and the local heating. We are cunently trying several modifica- 
tions to the process aimed at extending the thick gold feed line slightly onto the povus ra@on 
to provide a more robus: junction between the two metalizations. 

One such modification would utilize the etch seed process of Lehmm". A pattern of dots 
is defined lithographically on the wafer su&ace, on a pitch of -pm. The dots are used as a resist 
mask for an intial ODE etch process, which produces conical depressions in the wafer surface. 
The electric field in the Si concentrates at these sites, so that the etch process proceeds preferen- 
tially there and produces a pattern of extremely straight pores. This process has been used by 
Lehmann to produce highly regular arrays of large-size (-1 pm) pores (Figure 2-1). We plan to 
measure emission &om smaller-site pores made using the Same procedure for regularization. The 
removal of brachiation should reduce the gate interception problem. 

Figure 2-13. SEM cross-section of a completed second-generation knife-edge cathode. 
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Figure 2-14. SEM image of the OPS region surrounding tbe feed line on a second- 
generation cathode after testing. 
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B. Knife-Edge Catho 

For the past 35 years, a number of investigator&’*” have developed several approaches to 
the fabrication of submicron field-emitting tips and associated gate structures as the basis for 
vacuum microelectronics. The motivation is Simply stated. ifthe &e of an emitting cathode could 
be reduced to submicron scale, and if a gate electrode could be conf@ed above the cathode with 
a comparable spacing, then a few volts of modulation would d c e  to control field emission. 
Since the transit time fiom cathode to anode also scales with the gate spacing, such devices 
should &bit large bandwidth. Appendix C @r. t e e ’ s  Ph.D. thesis) presents 8 detailed history 
of the development of these devices and the process technology employed. 

The most s u d l  approach to fieldemitter cathode fhlxication has been that of C.A. 
Spmdt, who uses a sequence of etch and directional evaporation steps to grow a conical tip in- 
side a aperture in a gate metalization. Figure 2-15 shows an SEM micrograph of his tip ar- 
rays. The tips exhibit uniform size and geometry, and large arrays have been operated with long 
lifetime at currents of up to 1000 A/cm2. 

Imprtame of gatehase geometry fur microwave moahrlaton. 
For tip arrays made using Spindt’s technique, the gate aperture and the swing of the gate 

to the tip have a natural scale which is tied to the thickness of the dielectric layer beneath the gate: 
for a dielectric layer of 1.5 pm, necessary for adequate dielectric strength, the gate opening is 
comparabie. This limits the field concentration which can be created at the tip, while producing a 

. large parasitic capacitance between the gate layer and the substrate. These features of tip arrays 
k e  of little consequence for the display applications for which they were first developed, but pre- 
sent a major limitation for microwave power applications. 

Figure 2-16 shows the key features of the tip geometry and of our W d g e  geometry 
which govern microwave modulation (see Appendix A). The figure of merit for high-fiquency 
modulation is the ratio of the emitted current to the drive current required to produce the neces- 
sary voltage modulation: 

pa  = I C  K = A E* e*w“Evc 
p, 1: 2, (&‘V*l2 2, 
- 

The electric field at the tip and the gate capacitance are 

where r - 0.5 pm is the radius of the tip, s is the gatdsubstrate spacing, and p is the distance be- 
tween tips in the array. Since r 4 3  and p-5r are practical limits for the S p a t  fbbncation ap- 
proach, the “gain” depends upon tip radius as 

ot s2/;zp* - l / r 2  

pia 
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Figure 2-16. The key features of device geometry for a Spindt tip array and a knife-edge 
a m y .  

Knife-edge cathode fabrication process. 

of the thin film process techniques is described in detail in Appendix C, chapters V and VI. 
Figure shows our fabrication process for producing an optimum emitter structure. Each 

1) Pattern the Si02 mask on a (1 10) silicon wafer using standard photolithography technique. 
The mask pattern has groups of parallel h e s  with identicat line width. The lines are accurately 
aligned with one of the two (1 11) planes that are perpendicular to the wafer s u b  . 

2) Use an ODE process*’ to etch out a perpendicular wall structure (-8 pm high) on the wafer. 
Each wall corresponds to a Si02 mask line. The wall typically has an aspect ratio -600: 1 if the 
resist lines are accurately aligned dong the ( I  1 1 ) crystalhe direction. (Figure 2- 18) 

3) Apply a Dash-type etch” to convert the walls to knife-edges. A -6’ slope can be formed, 
sharpening the rectangular prism to a knife-edge at the top. (Figure 2-19) 

4) Further sharpen the edges by a low temperature oxidation process”. The thickness of the 
oxide is in a range of 0.1-0.2 pm. (Figure 2-20) 

5 )  Apply a layer of polyimide (PI) coating2*. The thickness of the PI layer (-10 p) should be 
greater than the height of the knife-edges so that the surface is planarized. (Figwe 2-21) 

6) Etch back the PI layer to expose the wedges. A plasma etch is needed for this process. We 
had to develop a laser diagnostic method (Figure 2-22), in order to accurately signal the mo- 
ment when the knife-edge is first exposed above the PI sunbe; we can then precisely control 
the final height of the silicon knife-edge above the gate metalization. 



7) Deposit the gate metal layer (Au). We have used magnetron sputtering and a Ti.W adhesion 
, layer to produce a uniform .5 pm gold metalization with exceffent adhesion to the PI surface. 

(Figure 2-23) 
8) Apply spin-on photoresist, and etch back to expose the raised mounds in the metalization over 

the knife-edges.(Figure 2-24) 
9) Wet-etch the exposed metalkation so that the top of +he Si02 wedge is exposed. 
10)A buffered HF solution is used to remove the Si02 from the top and sides of the knife-edge, 

exposing the finished Si knife-edge. The gap separating the knife-edge tiom the gate metali- 
zation has been controlled by the thickness of the thermally diEused Si02 layery which can be 
controlled with extreme precision to any desired value in the range 0.05-2 pm. (Figure 2-25) 

The process outlined above has the following features: 

The process is self aligned. Only one lithography step is needed to produce the emitter and the 
gate. The finished structure has the emitter edge sitting right at the center of the gate gap. 
The oxidation process (step 4) serves dual purposes: It sharpens the emitter edge, and it de- 
fines the gate-to-emitter spacing. Silicon thermal oxidation can be veIy uniform and well 
controlled. This makes it possible to obtain a gate-to-emitter spacing anywhere around 0.1 
Ctm- 
The size of the gate opening is independent to the emitter height. The process builds the 
emitter body before it makes the gate layery and the gate metalization ir separated fiom the 
silicon edge only by the thickness of the Si02 layer no matter how high the emitter is. 
The positions of the gate layers with respect to the emitter edges are adjustable. This is done 
by varying the emitter angle 6, the oxidation thickness, and the depth of PI etchback. In fact, 
geometriG parameters l i e  h, g, 6, s, and t are all adjustable in the process. 
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Si02 (a) 

Silicon 

Figure 2-17. Fabrication process for knife-edge cathode amys. 
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Figure 2-18. Rectangular prisms etched on 110 silicon using ODE. 

Figure 2-19. Wedges formed by Dash etching the rectangular prisms. 
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Figure 2-20. Thermally diffused Si02 layer in wedges. 

Figure 2-21. Planarized layer of polyimide covering the wedges. 
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Figure 2-22. Laser back-scattering diagnostic for end-point detection to etch PI layer until 
wedges are exposed. 

Figure 2-23. Gold metalhation on PI surface. 
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Figure 2-24, Etched metalkation exposing Si02 wedges. 

7 

. 

Figure 2-25. Final geometry, where Si02 has been etched back to expose knife-edge and 
gate. 
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C a t h d  tests. 
We patterned 2" lithography masks to fabricate 16 f m' cathode arrays, distributed over 

the wafer surface. Each array contains two S h e  p u p s  of400 gun-long knife-edges and wire- 
bond pads for connection to gate and substrate. Mer f&rication, we diced the cathodes and 
mounted test spechens on a TO-5 header just as we did for the OPS cathodes. We then installed 
them in our test chamber and performed conditioning and emission experiments. 

Figure 2-26 shows the emission characteristic measured on two cathodes from the same 
batch. Figure 2-27 shows a Fowler-Nordheim plot of the same data. In his thesis (Appendix C) 
Lee calculates the emission current fiom a l i e  density of 100 emitting sitedpm on a knife-edge of 
our geometry, assuming a work-function of 4.35 eV typical of silicon. The curves in Figure 2-26 
show excellent Egreement with the measured emission from each cathode. That is the good news. 

. 

The bad news is that the cathodes would t y p i d y  develop shorts after a relatively brief 
period of operation (frequently only minutes), and arc over gate+knif"ge, destroying portions 
of the gold surface in the process. Figure 2-28 shows a cathode surfbe after such an arc. We 
found that the arcs were caused by a submicroscopic ribbon of gold which commonly remained 
loosely attached at the bottom of a V-trench between the PI and the Si knife-edge. Figre 2-29 
shows one such ribbon. The ribbons form because the PI etch forms a shallow V-groove at the 
PI-Si02 interface. The ribbons are onIy loosely attached, and wave around much like an elee 
trometer when voltage is applied to the cathode. 

. 

. Mer much painstaking investigation, it appears that the V-grooves are an unavoidable 
result of the-plasma etch of the PI. Unless we can find an alternative process step which will 
eliminate the gold ribbons, it is unlikely we can make usefiil cathodes. 

Process improvements to eliminate mc4ver. 
Happily, we have identified such a process and tried it su- on a first batch of 

cathodes. Viehbeck (IBM) has perfected a techniquer2 in which he implants a Pi surface to pro- 
duce electrochemical bond precursors for metal bonds, and then pedorms electroleii plating of 
Cu directly on the PI surface. The Cu d a c e  is d o r m ,  hslls s d  grain size, and is suitable for 
subsequently depositing either Au or Cr, either by sputterhg or dectroplating. Best of all, the Cu 
does not plate onto SI%, so that only the gate metalhatian is forrned: no metal is deposited on 
the region where we currently have to etch it away. 

Dr. Viehbeck's group has prepared a batch of our cathodes, in which they performed the 
above steps after we had completed the initial geometry of the knifbedge and PI. Figure 2-30 
shows the result. The metalization is uniform and dense, there is no metal on the knife-edge; 
there is no V-groove in the PI, and no ribbon of metal adjacent to the knife-edge. The surface 
exhibits some micro-debris, which is an artifict of the IBM process environment and can be elimi- 
nated by conducting the Mncation in a clean-room environment. 

We are currently setting up to test cathodes made using this technique. We have high 
hopes that it will prove to solve the shorting problem, so that we can begin to characterize the 
cathode performance. 
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Figure 2-26. Triode emission characteristic of knife-edge cathodes. 
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Figure 2-27. Fowler-Nordbeim plot of knife-edge cathode response. 



Figure 2-28. SEM image of a cathode surface after testing. 

Figure 2-29. SEM image of a gold ribbon, formed in a V-groove at the knife-edge/PI 
boundary. 

37 



1 -*- 
Figure 2-30. SEM images of Cu-plated knife-edge cathode. 
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3. Proposed 19 

We propose to continue three activsties in our cathode development through the first half 
of 1995: fabrication of knife-edge cathodes using ekctroless plating to eliminate the gold-shard 
problem; tuning of the OPS fabrication process to minimize gate interception; and construction of 
a round-beam cathode assembly as a stand-alone unit for 3 Ghz emission studies. 

The IBM group is applying electroless plated metalhations to ten wafers on which we 
have carried through the cathode Wrication through step 6 above. The wafers have a sequence 
of relative heights of the knife-edge above the polyhide and of oxide thickness (gate gaps). We 
will select cathode arrays from each wafer, and prepare them for testing. We will seek to identiQ 
the optimum geometr- for each of the above variables, and test the emission properties. We have 
demonstrated that the electroless process eliminates the metal shard which results when we etch a 
sputtered metalization; we hope to demonstrate stability against the breakdown which the shard 
produced on the sputtered samples. 

We will tune the pore sue and the pore geometry (straight vs. brachiated pores) in the 
Stage II OPS cathodes, and measure the emissivity and gate interception. We have recently 
completed a mask set which makes it possible for us to seed the pore formation on a regular pat- 
tern of sites by lithographically defining and etching 9 pattern of conical depressions in the Si sur- 
face, as discussed above. This process has been used by Lehmann" to produce such regular ar- 
rays of large-size (-1 pm) pores (Figure 2-1). We plan to measure emission from smaller-size 
pores made using the same procedure for regularization. The removal of brachiation should re- 
duce the gate interception problem. We are also studying the one cathode which operated with- 
out large gate interception to try to understand what differences in its morphology could explain 
the improved performance. 

With the f i t s  of one or both of the above efforts, we plan to construct a cathode assem- 
bly suitable for mounting in a gun conilguration. Figure 1-6 shows a cathode mount which brings 
the microwave modulation input in through a coaxial stem which is matched to present a 50 SZ 
load. A d.c. bias would be provided using an extemai d.c. block, so that the rf  amplitude would 
turn emission on and off from an appropriate d.c. ofiet. The cathode assembly is designed to 
mount in our vacuum test stand. The rf drive, water-cooled coflector, and microwave stern 
structure are on hand. 

The cathode structure will be built in a fashion which makes it appropriate for mounting 
onto a diode for a test power tube, or as a fiee-standmg modulated cathode for a linac injector. 
After initial tests at Texas A&M, we would plan to take it to Mission Research, who have devel- 
oped a time-slice diagnostic capable of measuring beam emittance parameters as a bction of 
time during an rf waveform. 
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4. High-Field Supe acting Magnets 

As we strive to extend the high-field fiontk for superconducting dipoles and quad- 
rupoles, we must develop viable alternatives for ~ W Q  of the most fundamental ingredients of su- 
perconducting accelerator magnets that have served us so well for the past two decades- the %Ti 
superconductor and the cos 9 coil geometry. hiTi has no useful current-cmyhg capacity be- 
yond -10 Tesla. The only alternative today for pressing to higher field is Nb3Sn, which extends j, 
performance to -18 Tesla. Dunng the past decade the technology for producing high-j, cable 
from NbSn has matured well, thanks to the programs at Brookhaven, TwenteB, Ansaldo, and 
LBL" . We are only tq+mi.ng, however, to master the techniques of winding, curing, impregnat- 
ing, and collaring such coils for collider dipoles. To that end LBL is currently fabricating D-20, a 
prototype 13 Tesla cos 8 dipole using two inner shells of m S n  cable and two outer shells of 
NbTi cable. Figure 4-1 shows the cross-section of D-20. Figure 4-2 shows a coil subassembly 
being prepared for reaction bake. D-20 is currently g i g  built and will be completed this winter 
and tested during Spring 1995. 

The design and development of D-20 has aIready taught us a valuable lesson about the 
second major challenge: 13 Tesla is likely the l i i t  for dipoles using the cos 8 coil geometry 
which has been the basis for all collider magnets used to date. In order to grade the conductor 
with decreasing field in the coil region, a multi-shell coil is used. The fi.agrie strands of NbSn 
cannot accommodate keystoning to codorm to the cylindrical geometry of the cos 9 design. The 
coil placement of D-20 has been adapted to achieve the necessary current distribution using rec- 
tangular cross-section cable, but a total offour sh& are required. While this approach should 
.work for the 13 Tesla design field of D-20, extending the design to higher field would entail yet 
more shells, creating a coil package which is difficult to build, react, support, and maintain con- 
ductor tolerances. Pushing field strength to the limits of &Sn conductor will require that we 
develop an alternative coil geometry, which can achieve a greater effective packing hction of 
conductor near the beam tube, produce the required field quality for collider operation, and be 
realistically manufactured. Happily a parallel set of developments at Texas A&M and LBL are 
converging on two concepts which have this potential. 

Two years ago we invented the pipe magnet, a wholly new approach to high-field dipole 
designU. Figure 4-3 shows a 13 Tesla design for the pipe mapet. The magnetic flux is guided 
by a coil distribution along the entire magnetic flux circuit, rather than by a coil clustered closely 
to each beam tube in conventional cos 8 designs. This approach coweys two important benefits: 
no stress concentrations (better mechanical support), and no persistent-current mdtiples (fields 
do not fiinge through the coil package). The invention of the pipe dipole resulted &om our de- 
velopment of new calculation techniques for optimizing the design of structured coilsa6, in which 
the coil shape and current eIements are o p t i e d  to produce the best possible field quality subject 
to defined constraints on the coii boundaries and steel placement. 

Following analysis of the pipe concept and the lessons fkom building D-20, the LBL and 
TAMU groups are beginning the joint development of several magnets which incorporate the de- 
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sign and fabrication innovations at both c~~~~~~~~~ institutions. The TAMU program will focus 
upon primarily on the dipoles; the LBL program will ;focus prkw3y on the quadrupoles. 

Magnet &signs. 
Figure 4-4 shows a 16 Tesla block-coil dual dipoie, which utilizes a block coil configu- 

ration and &Sn Rutherford cable. AII coil elements are would as simple racetrack coils, with a 
novel provision for end winding which simplifies fabrication and provides improved end support. 
The block-coil desip has the best magnetic efficiency of any high-field magnet, and provides for 
simple assembly and uniform coil prestress. The calculated fields exhibit multipoles which are less 
than one unit (lo4 cm") over a continuous 2O:l range of magnetic field. The calculated persis- 
tent-current sexnipole hysteresis is 10 times smalIer than in any cos 8 dipole. 

In the pipe dipole, the confinement of flux within the coil envelope uniquely makes it 
possible to use an inner coil element of tape conductor without the usual problems of AC losses 
and persistent-cuvent mdtipoles due to penetration of fields through the face of the tape. The 
ability to use tape conductor would open two long-term possibilities for pushing still h h e r  the 
high-field envelope: &Sn tape has twice the critical current density j, of cable conductor, and is 
amenable to using temary components to enhance high-field j,; BSCCO tapes are now being fab- 
ricated in significant lengths with j, - 250 A/m* and critical field above 30 T. 

We have also applied the block-coil approach to design a 330 T/m quadrupole suitable 
for the low-p insertions at CERN's LHC. The design of t!e high-field quadrupoles for the inter- 
section regions of LHC is a challenging task. A gradient of 250 T/m is required, with a 7 cm ap- 
erture. The block coil quadrupole would provide 300h greater gradient, operating at 4.2 "K. 

Fabrication innovations. 
The ends of a superconducting magnet have always been the hardest problem for design 

and fabrication and the most likely site for failure in operation. The coil elements for the above 
mgnets are configured as rectangular coil packages, resulting in a cunsiderabfe simplification of 
tooling, winding, assembly, and quality control. The ends of those coil elements which flank the 
beam tube must be bent out-of-plane to accommodate the beam tube, howewer. We have devised 
and demonstrated a procedure by which these coils can be wound as flat coil3 and then bent out- 
of-plane at the ends after winding, using a process which is used in industry for large motor coils. 

All of these magnets feature realistic prestress strategy, copper stabiiition suitable for 
realistic quench protection, and a design field distribution which maintains coifiderquality uni- 
formity over a 20: 1 dynarmc range. 

The insulation system for Nb$n magnets is another challenge for high-energy colliders, 
because the requirement of epoxy impregnation after winding severely limits heat transport in the 
coil package. We have devised an alternative insulation system, consisting of a-resin-ceramic- 
@ass Mer. The filler is impregnated between the strands of the Nb&n cable and E-glass cloth 
sock over each cable and soft-cured before coil winding. This system sewes four important b c -  
tions to provide stability to the fragile cable elements. The resin complex stabilizes the cable to 
prevent dwabling during winding. The resin bums out and the glass component vitrifies during 
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the reaction bake of the Nb3Sn coil to form a strong, inelaskk matrix. The matrix supports the 
strands and prevents stress concentrations within the cable, ffises the E-glass tape to the cable, 
ind electrically insulates each strand's surface. The ceramic component has a large heat capacity 
at 4.2 OK, contributing substantial stability against micrcxpenches, and mecha~cally reinforces 
the glass after vitrification. The glasdceramic mix does not fill the space between cable elements, 
but instead leaves an open porosity within the coil package for liquid helium to bathe the coil 
throughout similarly to B-stage for NbTi coils. These properties should provide an ideal basis for 
achieving mechanical support, electrical insulation, and thermal conduction within a Nb$n coil. 

We propose a multi-year R&D program, aimed to develop and test magnets of the above 
designs. The program couples calculations and simulations of the designs, development of core 
Mncation technologies, and construction and testing of short model magnets. We plan to build 
and test two model magnets per year during the first three years. 
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Figureq-1. Overall cross-section and detail of coil configuration for the D-20 Nb$n dipole 

Figurd-2. Completed D-20 coil subassembly prior to reaction bake. 
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Figure 4-3. 13 Tesla pipe dipole, showing the coils the cores, and the prestress collar. 
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Figure 4-4. 16 Tesla block-coil dual dipole, showing the rectangular coil structure, 
housing, and the stainless steel inserts. 
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The cost and performance of a hadron eollider arc largely determined by thz field strength 
and field quality of its superconducting magnets. The dipole strength determines the circumfer- 
ence of the coilider for a dven beam energy; the dipole field quality determines the sustainable 
luminosity and the complexity of correction elements required in the CoIlider lattice. The termina- 
tion of the Superconducting Super Collider has dramaticaily demonstrated the need for ever- 
better technology to minimize the cost and maximize the performance of new high energy re- 
search facilities. Better magnet technology is required ifwe are ewer to return tc the challenge of  
an u l t h t e - e i ~ T ~  Won mllider with more realistic cost and higher pedoormance. 

Conventional Superconducting Dipole Technology. 
All conventional superconducting dipole magnets share a common design philosophy: the 

magnetic field in the beam tube is produced by a cluster of coil elements which surround the tube 
closely; the return flux Circulates symmetrically around this cylindrical coil cluster and is guided in 
its circuit by a magnetic steel yoke far removed fiom the central bore. The field quality and mag- 
net efficiency (ampere turns per Tesla) are determined by the configuration of the coil cluster. 
This philosophy can produce excellent results for field strengths up to -10 Tesla Figure 4-5 illus- 
trates a success~l 6.5 Tesla magnet - the cos 9 dipole for SSCn. The fiontier of conventional 
technology using NbTi superconductor is the 2-in-1 magnet for LHCB - a partially flux-lied 
cos 6 dipole pair shown in Figure 4-6. 

h%& dipole challenges. 
As we press upon the high-field fiontier, however, it is necessary to change fiom the rela- 

tively robust NbTi superconducting c4ble to the fiagile, wind-and-react Nb3Sn cable. At the 
same time, the performance of both the cos 6 and the superfbnic configurations deteriorates be- 
cause the coil package becomes thick compared to the beam tube aperture. Figure 4-7 shows the 
calculated field distribution in a 4-she11 cos 0 magnet sidiu to the LBL's 13 Tesla D-20 design. 
An increasing fraction of the ampere-turns are spent driving flux in circles within the coil package 
rather than producing field in the beam tube. The closure of field within the coil package pro- 
duces stress concentrations in the coil package, and patterns of stress which are difficult to pre- 
load to prevent coil motion. Likewise the thick coil package develops a softer modulus, and pre- 
cise positioning of coil elements becomes increasingly diffieut. Figure 4-8 shows a design for a 13 
Tesla superferric dipole, extrapolating the 6.5 Tesla design which was successfblly built and tested 
by the Texas Accelerator Cent@, which suEers many of the same difEcuIties. 

Die blockcoil &sign. 
We have resolved both limitations by cutting the Gordian knot of high-field dipole design: 

we redistribute the coil to best advantage around the magnetic circuit, simultaneously producing 
an optimum dipole field in each of two apertwes and returning the flux in a short path to achieve 
maximum magnetic efficiency. Figure 4-9 shows the calculated field distribution in a 16 Tesla 
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block-coil dual dipole. In addition to producing excellent cdcdated field quality over a wide dy- 
namic range with minimum amp-turns, it offers a number of practical advantages for construction. 
All coil elements are arranged in rectangular pancake geometry, which is easy to wind with tight 
dimensional tolerance. Most coil layers have simple racetrack ends; even for the center layers 
which must be routed overhinder the beam tube, we have demonstrated a simple technique in 
which they can be wound as racetrack coils and then bent out-of-plane at the ends. The rectangu- 
lar coil geometry provides a particularly simple and effective means to provide optimum preload 
within a single laminated steel sheil. 

The pipe magnet. 
During the past two years we have also developed a pipe. dipole design, shown in Figure 

4-3. The pipe &Dole disposes the coil around the entire flux circuit, with the remarkable result 
that flux flows within the coil as water flows in a pipe. Figure 4-10 shows the field distribution: 
two d o r m  dipole regions are created within a suitably deformed toroid. Although the pipe di- 
pole requires -30% more superconductor than the block-coil dual dipole, it has one unique fea- 
ture: field lies at the coil boundary are everywhere parallel to the coil surface. As a consequence, 
it is perhaps the only high-field magnet design which could be built using tape conductor for the 
h e r  coil elements without the usual problems of AC losses and multipoles due to a field compo- 
nent normal to the tape surface. The possibility of using tape conductor opens the world of 
Nb3Sn tape (twice the critical current density of cable, and suitable for ternary additives to extend 
high-field je), other A15 systems which can only be fabricated on tape (e.g. N b 3 A l  for fields to 23 
Tesla3'), and ultimately perhaps for BSCC03' (-30 Tesla at 10 OK). The pipe magnet has no 
known kndamental limitations up to a field strength of -20 Tesla - three times the field of the 
SSC dipoles. Twenty-five years ago Kmger et d3* demonstrated that compact quadrupoles can 
be successllly fabricated fiom tape conductor with controlled geometry on both body and end 
regions (see Figure 4-1 1). The pipe dipole may offer the opportunity of revisiting this approach 
for ultra-high field dipoles. 

A bimk-coil quadrupole for low-fl insertions. 
We have also applied the blockcoil approach to design a &&-gradient quadrupole appro- 

priate for use in the low-p insertions for the CERN LHC. The blwk-coil geometry is well suited 
to achieve a buildable, optimum geometry for a W S n  quadrupole. We have designed a symmet- 
ric quadrupole of the required aperture, which should produce a gradient of 300 Tim at 4.2 OK. 
The inner two quadrupoles of the LHC triplet have By < pJ4. The block-coil design makes it 
feasible to design an asymmetric quad, shown in Figure 4- 12, matching this 2: 1 ellipse. It should 
produce a gradient (W? of short sample) of 330 T/m at 4.2 "IS. This gradient is a 30% h- 
provement over the best 1.8 "K NbTi designs to date - an improvement which translates directly 
into luminosity. 

Significance for the US. high eneray research program. 
These magnet designs represent what may prove to be a true revolution in collider magnet 

technology. They uniquely open the possibility of fields of 16 Tesla or beyond for future hadron 
colliders. The development of a technology base for an ultimate 100 TeV hadron colIider was 
cited as a priority for the U.S. HEP program in the report of the HEPAP Subpanel on Vision for 
the Future of High-Energy Physics. The need for fundamentally new magnet technology was 
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similarly highlighted in the report of the recent DPF Workshop QII Future Hadron Colliders The 
proposed long-term M D  program, a collaboration Weri LBL, Texas A$M University, and 
fapan, is the only effort which proposes to address this importand Crontier. Magnet efforts at 
Brookhaven are focused on RHIC and on transport lines for LHC, magnet efforts at Fermilab are 
focused on the Main Injector and on low-beta quadrupoles for LHC; magnet efforts at CERN are 
of course focused upon the preparations for construction of the LHC ring. If there is to be a fu- 
ture for hadron colliders beyond LHC, we must engerder a sustained, long-term program 
to develop a better magnet technology. 

We propose such a program. It is a collaboration between LBL and Texas A&M Uni- 
versity; we are exploring possible interest at other institutions in joining the coliaboraiion. The 
goal of the program is to explore alternatives for the superconductor and the coil geometry of 
collider magnets which would make it possible to ai least double the current state-of-the-art per- 
formance. The progrmis at our institutions would focus on two complementary objectives: 

LBL: 
Texas A&M: dipoles using block-coil and pipe geometries; 

(after D20 testing) block-coil quadrupoles; 

The program of work concentrates on building and testing short model magnets. It is only 
through such testing that any new magnet technology can be evaluated and matured. To this end, 
in the dipole program at Texas A&M we set ourselves an ambitious overall goal: we will build 
and test at least two prototype dipoles each year. The rationale for this program and a WBS 
schedule for the first-year program are presented below. The tentative agenda for the proposed 
3-year renewal is: 

Year 1: NbTi block-coil dipole 
Nb3Sn block-coil dipole 

BT- 1 
BS-1 

Year 2: NbTi pipe dipole 
N b S n  block-coil dipole 

PT- 1 
BS-2 

Year 3: Nb3Sn tape pipe dipole PST- 1 
Nb3Sn block-coil dipole BS-3 

From the SSC, we propose to assemble a group of some of the finest and most experi- 
enced magnet personnel and a complete base of equipment for prototype magnet const~~ctio~ and 
testing. The personnel are prepared to join us immediately; the equipment is contained among the 
assets which have been transferred to TNRLC. Texas A&M bas allocated a 20,000 q f t .  high- 
bay building space which will comfortably house the activity. This combination of people, equip- 
ment, and facility uniquely makes it possible to engender a new magnet development activity and 
begin almost immediately building and testing magnets. It is the only combination which will re- 
tain these personnel and this equipment in productive activity to create a fbture for the U.S. high 
energy research program. 
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We wdt rely upon our collaborators for substantid help in many aspects of the dipole pro- 
b. LBL will contribute -6 months of effort by Dr. Mc1ntur-R to supervise the transfer and re- 
commissioning of the SSC equipment at Texas A&M. LBL Will fabricate all conductor required 
for the dipole magnet program. LBL will contribute teamwork and leadership in several design 
areas: persistent current fields, quench simulation, coil end supports, instrumentation", and cry- 
ostat design. During the first-year program, all model magnets will be tested in the cryostat which 
is being built at LBL for the D-20 tests; this enables us to defer the decommissioning of the test 
cryostat and ASST system until late in the first year without delaying the model program. 

Figure 4-5. Cross-section of the SSC dipole: 6.5 Tesla, 5 cm bore, 4.2 "K. 

48 



Figure 4-6. The NbTi dual dipole magnet for LEK: 8.7 Tesla, 5 cm bore, 2 s<. 

Figure 4-7. Calculated field distribution in the D-20 Csheil dipole. 
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Figure 4-8. Calculated field distribution in a 13 Tesla superfemc dipole similar to the 6.5 
Tesla design which was built and tested at the Telaa Accelerator Center. 

Figure 4-9. Calculated field distribution in the 16 Tesla block-coil dipole. 
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Figure 4-10. Calculated field distribution in a 13 Tesla pipe dipole. 

Figure 4-11. A tapewound quadrupole, built at Brookhaven National Lab in 1966. 
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Figure 4-12. Asymmetric block-coil quadrupole for LHC low-beta insertion: 330 T/m, 7 cm 
aperture, 4.2 OK. 
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A. Commo n Features 

In order to get a complete picture of the evolution of the dipole field designs described 
above, Figure 4-14 shows a succession fiom the NbTi dipoles for the SSC and LHC, to the D-20 
NbtSn dipole, to the pipe dipole, to a block-coil versicn of the pipe dipole, to :: variant of the 
block-coil pipe dipole, finally to the block-coil dipole. The progression is shown in that order be- 
cause it is the order in which the designs were invented. While the pipe dipole was the first “new 
geometry” h%Sn design in our work, we consider the block-coil dipole to be the first practical 
design in the succession which we propose to build and test in the development program. Several 
design considerations are common to all of our designs: basic field co&guration, aperture, field 
quality, dynamic range, cabk orientation, pre-$tress strategy, and coil insulation. 

Supercodiictor. 
We have designed the magnets to use rectangular Rutherford cable, with he-filament 

Nb3SdCu strand, similar to that being used at LBL for D-20. We may use a nickel coating (like 
ITER) to suppress a.c. losses; it would also provide a d8usion barrier for the “inorganic B-stage” 
insulation. The SCCu ratio is graded through the coil for optimum coil performance. 

Bask field configurtion. 
The magnets of Figure 4-3 and Figure 4-4 share a major departure fiom the conventional 

cos 8 coil configuration: The coil elements are arranged in rectangular pancake coils flanking 
each beam tube, and a magnetic steel flux return is close-coupfed just beyond the boundary of the 
rectangular coil region. This configuration provides optimum packing density, ease of fabrication, 
-optimum prestress geometry, and a simple basis for tuning field quality. 

Aperture. 
The aperture required for hadron collider operation has been the subject of intense study 

for the designs of SSC and LHC. The issues determining aperture requirement were recently 
summarized at the DPF Hadron Collider Workshop. For a 6 = 40 TeVhadron collider, a 
good-field aperture (6BB loJ) of 5 cm horizontally and 3 em vertically is typically required. In 
a cos 0 dipole, the physical aperture is circular. The blockail dipole has been scaled to provide 
a 5 cm cylindrical aperture with lo4 field uniformity. In the pipe dipole, horizontal aperture can 
be provided with modest impact on ampturns and overall S i ,  while vertical aperture carries a 
more serious impact because of the necessity to carry the horizontal prestress load of the coil 
across the arch of the beam tube cavity in the winding core (see Figure 4-3). Happily this asym- 
metry parallels the aperture requirements. The 13 Tesla pipe design has therefore been scaled to 
provide a 5 x 3 em2 elliptical aperture with lo4 field uniformity. 

Dynamic range. 
The dynamic range of a hadron collider (full energyhnjection energy) is -1O:l to 20:l. 

The injection field quality in a cos 8 dipole is limited by persistentarrent multiples which are 
created when currents are induced to flow between filaments in a strand as a magnet is ramped in 
field. This phenomenon is reduced by a factor of 10 in our magnets for two reasons: the conduc- 
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tor is further from the beam than in a ws 8 coilil, and a e%ic stel pole piece presents a planar 
boundary above and below the beam tube region. As presented below, this boundary condition 
strongly suppresses persistent-current multiples aP !OW field. Both of our designs are designed to 
produce collider field quality over a 20: 1 dynararic range. 

Cable orieniation. 
In both of our designs, the cable elements are oriented so that the face of the Rutherford 

cable is parallel to the field axis. The parallelism is most dramatic for the pipe dipole (Figure 4- 
10). This provision provides a substantial reduction of AC heat losses when the magnets are 
ramped during acceleration. AC losses result mainly fiom currents which are induced to flow 
between strands within each cable element. Because the cables present their thin dimension to the 
magnetic flux, induction is minimized for a given inter-strand resistance. This benefit is in marked 
contrast to cos 8 designs, where most cable eiements are oriented face-on to the magnetic flux. 

AC losses. 
As a collider magnet is ramped fiom injection to hIl field, eddy currents are induced be- 

tween strands within a cable. The ac losses due to these resistive currents pose a limit to the rate 
at which a magnet can be ramped. In the DPF Hadron ColIider Design Study, ac losses were 
projected to be a problem limiting perfomarm af ultimate-energy cofliders. 

In both the block-coil dipole (Figure 4-9) and pipe dipole (Figure 4-10), the cable ele-* 
ments are oriented edge-on to the magnetic field. By contrast, in a cos 0 dipole the cable IS ori- 
ented face-on to the field (Figure 4-7), and the field fiinges strongly through the coil. The ac 
losses d e  approximately with the projected width of the cable perpendicular to the field direc- 
tion, so ac losses should be a factor of ten smaller than in cos 8 magnets. The actual ac losses will 
aIso depend on the inter-strand resistance. As part of our cable insulation system development, 
we plan to try to achieve a high-resistance coating on the strands without compromising j, per- 
formance, using a thin Ni plating, similar to that being developed for the ITER conductor, wetted 
by the vitreous glass during reaction bake. 

Prestress strategy. 
As we design dipoles for 16 Tesla and beyond, and use brittle m S n  conductor for their 

* coils, a primary challenge is to provide a sufticiernt preload to counter the Lorentz forces Without 
unacceptable coil motion. The rectangular pancake coils ofour designs accommodate a particular 
simple and effective prestress strategy: horizontal pistons tiom each side, and no necessity of an 
interleaved collar. The cable elements are oriented face-an to the preload forces, providing the 
stiffest possible modulus against coil motion 

Coil insulation. 
Even with the elimination of stress concentrations, the Lorentz stress at 16 Tesla is im- 

mense - 170 MPa. We plan to develop a new approach to Nb3Sn cable insulation; an “inorganic 
B-stage”, which would provide micro-quench stability and inter-strand mechanical suppoTt. The 
approach is described in Section 5 and illustrated in Figure 4-13. It is similar to work done by 
Ceramphysics and Westinghouse’, by Tanaka et a1 34 , and by Schutz and Reed3’, in that it uses a 
glasdceramic mixture to coat the strands of each cable element, providing both mechanical sup- 
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port and electrical insulation. It is different &om both of the previous approaches h that the insu- 
lating mixture is applied in a green state in the cable before winding, in such a way that the final 
insulation (after the Nb3Sn reaction bake) teaves open gorasity in the spaces between cable ele- 
ments. Liquid helium permeates this space, bathing the coil and providing enhanced enthalpy to 
stabilize against microquenches. Two experts in inorganic composite systems are collaborating 
with us to develop an optimum mixture which achieves this combination of properties. 

Coil w i d n g  strategy. 
In both designs, most coil elements are in the form of simple rectangular pancake coils, 

and can be wound as a racetrack in a particularly simple manner. The central coil elements which 
flank the beam tubes must be bent up and over the beam tube at each end, however. Historically 
the techniques for tsbricating the ends of a coil are the “weak link” in the entire f?brication opera- 
tion, and produce the highest likelihood of failure UI the finished magnet. 

We have devised a technique for winding racetrack coils, in which the entire coil package 
is completed as a flat pancake coil, and the ends are then bent up as an assembly. Figure 4-15 
shows a mock-up coil of Nb3Sn cable which has been wound flat, then bent as an assembly to 
clear a 5 cm. Beam tube. A very modest force is required (-10 N), and there is no damsige what- 
ever to the coil or its E-glass insulating sleeve. Two things happen in this approach which are 
actually helpll  in preparing the end coil for collaring and prestressing. First, as seen in the pic- 
ture, the geodesic of the bent coil actually flares out slightly, forming a hoop of somewhat larger 
radius than the actual inner spacing of the body coil. This both relieves the stress concentration 
which would otherwise occur at the interface between body and end regions, and reduces the 
magnetic field in the end coil Second, the turns tend to pull together, removing the slight slack 
between turns in the end region, so that the bent coil end assembly is tight and forms an integral 
block to collar and prestress 

By using this simple, effective winding technique, all coils for the biock-coil magnet can be 
wound as flat racetrack assemblies, and the central coil segments can be bent up as required. The 
winding process should be simple and amenable to precise dimensional control. Forthe pipe di- 
pole, the coil in the toroidal region is comprised of h coil segments, each of which is a 3:l  fan 
fiom a single inner layer to three contiguous outer layers, as shown Ha Figure 4-16. The coil seg- 
ments for the dipole region would be fabricated using pancake coils as discussed above. 

I%& presents substantial challenges in fabricating long dipole coils. Because the coils 
must be reacted after winding, the coil must be configured for the -750 “C bake in a support fix- 
ture which matches closely the expansion of the cable. Figure 4- 19 itlustrates this problem in the 
case of D-20. Each coil section was wound tightly upon the end spacers as the layer was succes- 
sively wound. In the bake, however, differential expansion between the (AI bronze) end spacers, 
the (Cu) body spacer, the base fixture, and the cable produced a relative elongation of the coil as 
temperature increased followed by a contraction as it decreased. Friction ahd the stiffened 
modulus of the coil after reaction apparently prevent the process fiom reversing itself during 
cooldown, leaving gaps in the CoiVsupport space. Such gaps are not necessarily a problem, if one 
stuffs the gaps with fiberglass wadding and then impregnates the coil as LBL does. Since we plan 
to strive to achieve an “inorganic B-stage” insulation (see below), such gaps are more serious. 
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Figure 4-13. Schematic illustration of inorganic B-stage insulation strategy. 
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Figure 4-15. Photographs of a mock-up coil of Nb3Su cable, in which the entire coil end has 
been bent up to cleat a 5 cm beam tube. 
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The block-coil dual dipole is configured as a window-game magnet, in ~ . i c h  the coil is 
divided into three segments so that the Nb3Sn conductor can be graded to optimize jc(B). Figure 
4- 18 shows the load line for the three coil segments, designed to optimdiy utilize the supercon- 
ductor throughout the coil. 

Field quality and @amic range. 
The multipole content is dominated by two phenomena: the pairing of the two dipoles in- 

troduces an asymmetric reluctance which in turn produces a quadrupole; and the progressive satu- 
ration of the steel produces a sextupole and decapole. We have C O K C X ~ ~ ~  these effects by intrn- 
ducing three modifications. First, the innennost coil is arranged on a contour which cancels the 
decapole and some of the sextupole (Figure 4-19). Note that the contour is antisymmetric: the 
coil profile is shaped on the inner boundary of the inner leg, and the outer boundary of the outer 
leg in each dipole. 

Second, the thee coil elements are gapped apart asymmetrically, to correct the reluctance 
asymmetry. The coils are spaced with minimum gap on the outer leg, but with substantial spacers 
on the inner leg. This cancels most of the quadrupole. shows the calculated multipoles which re- 
sult when all three coils, thus contigured, are excited by a common (series) current. While it is 
possible to achieve collider-quality field at 111 excitation, at low field substantial quadrupole (40 
units) and sextupole ( 4 0  units) fields are produced, due to the transition of the steel from unsatu- 
rated to saturated state as field is increased. 

The third modification is to operate the three coil segments with different currents. The 
currents can programmed to cancel all multipoles to less than one unit (lo4 cm”) at all field 
strengths over a 20: 1 dynamic range. Figure 4-20 shows the current programming I@). Figure 
4-2 1 shows the multipole content as a knction of field strength. 

The choice of aperture is governed by several considerations. The aperture requirement 
for collider operation has been the subject of exhaustive scrutiny throughout the design of SSC 
and LHC The subject was reviewed at the recent DPF Hadron Collider Workshop. The horizon- 
tal aperture requirement is dominated by the dispersion due to momentum spread at injection; for 
SSC it was 5 cm. physical aperture, 3 cm collider-quality fieId. The vertical aperture does not re- 
quire accommodation of momentum dispersion; the same 3 cm. collider-quality field aperture suf- 
fices 

Persisteni-ctrrrent multiples. 
Two of the virtues of both the block-coil and pipe designs is the suppression of magneti- 

zation fields by the planar steel boundary, and the suppression of ax. losses by the orientation of 
the cable elemmts edge-on to the field. We have calculated the multipole fields produced by 
magnetization currents within the superconducting strands, following the procedure of C a ~ p i ~ ~ .  
Each coil segment is represented by a magnetization block, with a M/H magnetization curve ap- 
propriate to describe the measured magnetization properties of the actual superconducting strand. 
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This approach has been used to accurately reproduce the observed magnetization fields in Te- 
vatron and SSC magnets. For EJb& cable, the ~~~~~~ she represents a somewhat uncertain 
parameter in estimating the magnetization curve. while the intiinsic filament size in the internal-tin 
strand which is used at LBL for D-20 is quite smail (-2 pm), the diffused tin between strands 
produces a weakly superconducting bridge at low cunent and fie%& equivalent to a much larger 
“effective strand size” at injection field. The low-field effective strand size is estimated to be -20 
pm for the material currently in use. A magnetization curve appropriate for that strand size was 
adopted for our calculations. 

Figure 4-2 1 shows the persistent-current multipoles calculated for the 16 Tesla block-coil 
dual dipole. The maximum sextupole hysteresis is -3 units at BJ20, one tenth of the bz at the 
same hction of full field for an SSC dipole (Figure 4-22). We have included the calculated mag- 
netization fields in a re-opti,iization of the current programming, and can again reduce $1 mul- 
tiples to < I  unit over the fkll20: l dynamic range (Figure 4-24). 

Current programming. 
The block magnet requires current programming to achieve optimum field over a 20: 1 dy- 

namic range. We realize that current colliders utilize a single current bus for the main dipole fam- 
ily, and that many in the accelerator community have strong opinions that multiple current busses 
would pose a major risk to stable operation. Certainly a number of issues arise which must be 
evaluated quantitatively before a multiple-bus scheme could be seriously entertained for a fbture 
collider. However, all of the %sues we have been able to identi@ appear to be readily manageabIe 
without substantial cost or risk. 

The frequently cited need for independently adjustable orbits can be accommodated at the 
level it is required by means of a family of lumped correction elements in the spool pieces. The 
power supply stability and regulation requirements are well within commercial power supply tech- 
nology. The quench protection design must be segmented in multiple parallel circuits for diode 
clamps, dump resistors, and heaters, so the segmentation would actually be a convenience. The 
accommodation of multiple current busses in the cryostat is a modest issue in the overall design. 
The only issue which we have identified which appears to need some near-term analysis is the 
potential for transmission-line modes propagating around the magnet ring, in effect shunting cur- 
rent among the three circuits in a differential traveling wive which might propagate with little at- 
tenuation. 

- 

Quench protection. 
With a stored energy of 2.2 MJ/m in each dipole, quench protection is a critical considera- 

tion for reliable magnet operation From the experience to date with quench protection of collider 
dipoles, the parameter which is of great importance in quench dynamics is the maximum current 
density jCu which would appear in the copper stabilizer of the cable during a quench. Ifj, <1,100 
A/mmz, active quench protection can usually be designed to safely distribute a-quench so that a 
magnet consumes its stored energy without overheating at any location. I f j a  exceeds that limit, 
quench protection is usualiy very difficult, particularly for distributed strings of magnets which 
must be effectively isolated from one another so that a quench does not propagate fiom magnet to 

61 



.A,>- ,_-.. 

magnet. We have adopted this h i t  in designing the SCCu ratlo for all coil segments in our de- 
signs. Table I presents the parameters sf all thee coil segments in the block-coil dipole. 

We are currently simulating the quench behavior of the block-coil magnet, using a modi- 
fied form of the code QULHC” . We have assumed a network of clamp diodes, limiting and 
dump resistors, and pulsed heaters as shown in Figure 4-25. The quench is assumed io initiate on 
an inner coil segment. The decay of current during the quench is shown in Figure 4-26; the decay 
time constant is -0.2 sec. Figure 4-27 shows the total coil voltage (resistive plus inductive) across 
each coil segment during the quench. A maximum of 1,300 V is developed; the maximum voltage 
location is on the middle coil under the initiation condition studied. Figure 4-28 shows the maxi- 
mum temperature as a fbnction of time during the quench. A maximum of 430 9( is reached on 
the outer coil. These results are only the beginning of our study of quench dynamics in the block- 
coil dipole. The circuit parameters in Figure 4-25 have not been optimized, and the limits in tem- 
perature and voltage can probably be improved. We are experimenting with tile segmentation and 
placement of circuit elements to that end. These preliminary results are already within reasonable 
bounds for a localized, non-destructive quench. They demonstrate that the 16 Tesla block-coil 
dual dipole can be adequately protected. 

Prestress Strategy. 
The total preload on each side required to counteract the Lorentz force is 

F = S w = 22 kT I m . The preload must be delivered to the side wall of each coil assembly. In 
this respect the block dipole is ideal for simple, effective preloading. Figure 4-25 shows two 
techniques for delivering the preload. The simplest approach is to divide the steel flux return at 
the top and bottom of its rectangular cavity, creating two pistons on the sides. The pistons are 
then pressed inwards in a press to the desired preload, and the outer seams between the pistons 
and the tophottom pieces are welded to lock in the preload. It is hard to imagine a simpIer way 
to deliver a controlled preload The one disadvantage is that some fiaction of preload would 
likely be lost in cooldown, due to differentid contraction. 

- 

- 
The second approach uses the differential contraction of Al and steel to advantage to de- 

liver additional coid preload, in a fashion similar to that used at Brookhaven, SSC and CERN. 
The steeI flux return is segmented at the bifbrcation between the region where flux couples be- 
tween the dipoles and the region where flux returns on the outside feg. In this way one eliminates 
any effect on field strength or homogeneity from any residual crack at the interface. A controlled 
gap is made between the steel segments, and bars of aluminum are placed at the top and bottom 
of the assembly to space the gap while the magnet is at room temperature. When the magnet is 
cooled to 4.2 “K, the Al bar shnnks  more than the steel, and the gap closes, delivering additional 
preload to the coil. The preload would be delivered in this strategy by either banding or wire- 
wrap around the steel assembly 
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Figure 4-18. Load line for the three coil segments of the 16 Tesla block-coil dud dipole. 
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Figure 4-19. Calculated multipoles in the block dual dipole: all coils operated in series. 
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Figure 4-20. Current programming of three coil currents to produce optimum field quality. 
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Figure 4-21. Calculated muitipoles in the block dual dipole with current programming. 
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, Calculated persistent-current multipoles from magnetization fields. 
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Figure 4-23. Measured persistent-current multipoles in SSC prototype dipoles. 
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Figure 4-24. Residual multipoles after readjusting the current programming to cancel 
magnetization fields. 
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Figure 4-25. Circuit used in simulation of quench protection for block dipole. 
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Figure 4-26. Current decay during quench in each coil segment. 
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Figure 4-28. Maximum temperature in each coil during quench. 
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Figure 4-29. Two techniques for applying preload to the block dipdc: a) side bus actiagas 
piston; b) split flus return deng flus bifurcation, and insert Al *fief eoM plrdord 
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The pipe magnet consists of two current sheets, configured roughly as a toroid, with in- 
sertions which produce a high-quality dipole field at two opposite locations for the two beams of 
a hadron collider. The design strategy is summarized in Appendix D The red "magic" of the pipe 
magnet is the invention of a flux trairsformer which changes the field B = Bo( R / r) 4 of the 
toroid sections into the uniform field B = Bo 2 of the dipole section. We have invented a particu- 
lar deformation of the outer current sheet which produces the desired transformationz6. The col- 
lider field quality can be readily achieved in the dipole insertion without additional corrections. 
Addition of a modest pole face winding at the boundaries of each dipole section could be used to 
fbrther reduce or tune multipoles. 

Field optimizaiion 
Design of the pipe dipole has required both the use of a new software environment, 

OPUS, to optimize the geometry for the flux transformation, and a rather intricate meshing of the 
2-D structure to adequately model the structure. Figure 4-24 shows the finite-element mesh 
which was used in PE2D to calculate the magnetic field distribution and forces. 

Figure 4- 10 shows the calculated magnetic field distribution for such a coil configuration. 
The optimization produces the following approximate guidelines: 

the mean radius of the toroid sections should be -Sa, where a is the radius of the beam aper- 
ture within which uniform field is required in the dipole section; 

. the coil in the toroid section should have an integral ratio (typically 3: 1) of outer to inner ra- 
dius, in order to accommodate the flux trasformer; 
the transition from dipole to toroid should include a tapering of current distribution, from the 
one limiting case to the other, with a modest flux leakage in the transition which must be 
compensated in the magnetic design. 

- 

Table 2 presents the calculated multipoles for the 13 Tesla pipe dipole. The design as- 
sumes cable conductor, similar to that used in D-20, with 3 graded current densities through the 
thickness of the coil. All 3 coil segments are assumed to be operated in series. A pole-face 
winding has been included at the interface between the center dipole insert and the U-shaped tor- 
oid inserts, in order to provide tuning of multipoles below the lo4 cm" level. No analysis has yet 
been made of the error fields which would result from conductor placement errors. Such analysis 
will of course be necessary before arriving at a prototype design. 
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Fipure 4-30. Mesh for numerical modeling of the pipe dipole in PE2D. 

Table 2. Calculated multipoles of the 13 Tesla pipe dipole 

n b,(IOJ cm") 
1 -.004 
2 -63 

- 
3 +.023 

5 +.064 
4 -.17 

6 - 4 8  

Tape conductor for the pipe dipole 
The pipe dipole is unique in the feature that the magnetic field in its bore circulates around 

the internal region, and does not fringe through the coil package. Comparison of Figure 4-10 
with all of the other field geometries above shows that, uniquely in the pipe magnet, the magnetic 
field at the location of the conductor is everywhere tangential to the boundary of the coil package. 
If the coil were to be fabricated from tape conductor, there would be very little field component 
normal to the face of the tape. This feature is crucial to the possibility of building superconduct- 
ing dipoles using tape conductor While such dipoles have never been developed (although Figure 
4-11 shows a tape-wound quadrupole From 25 years ago), they would open the world of inex- 
pensive conductor fabrication for Nb,Sn, and perhaps of practical conductors using high-field A15 
systems and BSCCO. 
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The limiting consideration in using tape conductor i s  magnetization current which would 
be induced by time-changing magnetic flux through the face sf the tape. In a tape-conductor pipe 
magnet, the flux would be oriented parallel to the tape face, md such currents would be largely 
avoided. This feature is vital from the consideration of j,, field quality (persistent-current mul- 
tipoles), and a.c. losses. Figure 4-27 presents data3' on the effect of magnetization currents in 
BSCCO tape if the magnetic field forms a. significant angle a with respect to the tape-normal di- 
rection. j, wouId be degraded by a factor of 3 if tape conductor were used in a cos 8 dipole 
(a4" at some regions of inner coil), by a factor of -1.4 in a block-coil dipole (a+70°), and not 
at all in a pipe dipole (a=90° everywhere). 

Current requirements. 
The pipe dipole requires 5.5 MA turns of conductor, a little more than the block-coil dual 

dipole. If it proves feasible to use tape conductor, the actual mass of superconductor may be 
significantly reduced, however, since the high-field critical current in tape is typically -twice as 
great for Nb3Sn tape as for cable. The aggregate conductor mass would be governed mainly by 
the amount of Cu required for realistic quench protection. 

, 

GE has developed a continuous tape fabrication process for Nb& tape, and plan to work 
with LBL to develop and evaluate tapes with ternary alloys and artificial pinning centers (APC2. 
Their process is a continuous-feed fabrication, beginning with a Nb (or NbTa, etc.) ribbon, which 
is coated with Sn in a dip process, then reacted in a fast high-temperature contiiuous-feed fur- 
nace, then clad to Cu stabilizer and insulating laver. The unit cost for fabrication of large quanti- 
ties of conductor with this process is unknown, since it is now being used for a product for the 
first time - a 1 Tesla split solenoid for MRI during surgery. It appears likely, however, that Nb3Sn 
tape conductor could prove to be substantially less expensive and higher performance than an 
equivalent cable. 

Tape isthe only process by which high-field, high-j, performance has yet been achieved in 
N b 3 A l .  Figure 4-25 shows the measured short-sample j, for Nb3M tape which was fabricated US- 
ing each of two continuous processes3' in which the reaction is achieved using a laser and an 
electron beam, respectively In both cases, j, - 200 Nmm2 at 4.2 5( was achieved, with maxi- 
mum field of -23 Tesla. 

Tape remains the best form in which to achieve high j, and high B, in practical high- 
temperature superconductors (HTS) such as BSCCO. B m s e  the HTS mechanism involves 
conduction along ordered planes in the perovskite structure, orientation of grains in a continuous 
layer is of critical importance. This is more readily achieved in tape form than in wires. Figure 4- 
26 presents measured j, vs. B for BSCCO tape3'; j, - 200 A/mm2 up to -30 TesIa at 20 "K. The 
possibility of operating at higher temperature could become an important feature at an ultimate- 
energy hadron collider, because the synchrotron-radiation heat load will likely dominate the heat 
budget, and ca ld  dominate the entire power budget of the facility. 
Prestress strategy. 

Figure 4-28 shows the calculated pattern of Lorentz stress in the coil package of the 13 
Tesla pipe dipole The stress concentrates in the dipole coils, and drops by a fictor of 10 in the 
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toroidal regions We have designed a prestress strategy wihieh delivers a compressive preload in 
this pattern. A banding of either highstrength tape or wire is wrapped around the pipe dipole as- 
sembly as shown in the figure. A piston, located on each side of the assembly, serves as a load 
concentrator: The capstan force delivered by the banding in my region is proportional to the arc 
angle subtended by the tape as it bends around the region. By shaping the pistons as shown, 
most of the arc angle (hence most of the compressive force) can be concentrated in the two side 
pistons and delivered to the dipole regions. V c  have done some preliminary finite-element modeI- 
ing of the piston and the distribution of preload around the coil assembly. It appears to be feasible 
to match it fairly closely to the pattern of Lorentz stress. 

Some experts have criticized this prestress strategy, on the basis that several prototype cos 
0 dipoles were fabricated with wire-wrapped preload in the early phases of the Tevatron magnet 
R&D, and the magnets twisted uncontrollably aftei the assembly was released from the banding 
f’lxture. In our opinion, this result was predictable for the cos 6 geometry but irrelevant for the 
pipe geometry. In a cos 8 geometry, there is very little internal structure to the magnet. The 
structure is provided almost entirely by the collar assembly. Thus if one replaces the stack-weld 
lamination assembly by a wrap of bandmg, there is nothing to maintain alignment. in a long mag- 
net. By contrast, a pipe magnet has a massive internal structure, in the form of its magnetic and 
non-magnetic laminated cores (see Figure 4-3). This structure should provide excellent alignment 
integrity for a long magnet, independent of the means used to deliver preload. We note in dosing 
that LBL has decided to use wire-wrap to deiiver preload to the D-20 prototype, in which the 
steel shell can provide alignmmt integrity. 

I I 8 

5 

Figure 4-31. Short-sample measurements of jc vs. B for N b d  tape conductor. 
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Figure 4-32. Measurement of j, vs. B in BSCCO tape. 
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Figure 4-33. Dependence of j, on the angle between B and the tapenormal direction. 
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Figure 4-28. Distribution of Lorentz stress in the coil assembly of a 13 Tesla pipe dipale. 
Peak stress is 100 MPa. 
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ock-G~iI Q u a d r ~  d e  for Low-e) Insertions 

One of the most challenying magnet design requirements for CERN's LHC is the low+ 
insertion at which the beams collide at high luminosity for each experiment. Attaining high iumi- 
nosity requires that the beams be squeezed to the smallest feasible focus. Taylor3* has designed 
an inner quadrupole triplet insertion which would produce p* = 0.5 m at the intersect. The design 
is shown in Figure 4-29. It requires quadrupoles with an aperture of 70 mm and a gradient of 250 
T/m. Design efforts have been undertaken at CERN, Fermilab, and LBL to design cos 20 qu- 
drupoles which would meet this requirement. It is at the limit of feasibility with NbTi, even at 2 
"K. Such designs are problematic for two reasons First, the inner quads wiIl receive a heavy load 
of energy deposition tiom lost particles; the heat must be conducted through the coil, c-eatir- a 
temperature differential which would be especially problematic at 2" K. Second, most such de- 
signs have to push the SCKu ratio in the cable to problematic Iimits; the current density jc,, which 
would appear in the Cu stabilizer is -1,300 .4/mm2 in several such designs, beyond the capability 
of readily achievable quench protection strategies. 

We have applied the same block-cod approach to design a block-coil quadrupole, using 
Nb3Sn superconductor at 4.2 "K. It produces 300 T/m gradient (9Vh short sample), with an cu- 
cular aperture of 70 m. Figure 4-30 shows the calculated fields in the magnet. The block coil is 
oriented appropriately for relatively simpie winding strategy. The c&!es are face-on to the direc- 
tion of preload, providing a stiff modulus. The side boundanes of each coil segment are appro- 
priate for mounting of a heater strip in excellent edge contact to all turns of the coil, assuring op- 

. timum rapid distribution of a quench using pulsed heaters. The 4.2 "K operation provides some 
margh for heat transport for beam losses; indeed thej,(T) for Nb$n decreases more slowly with 
temperature than it does for NbTi. 

With the block-coil approach, it is straightforward to design an asymmetric quadrupole. 
In the lattice of Figure 4-29, the beam envelope is asymmetric through the most critical elements 
(where the beam has largest size), Py - &/4. The beam envelope is thus twice as wide as it is tall 
through the middle magnets of the triplet. We have designed a 2 1  asymmetric quadrupole to 
provide the highest feasible gradient in that region. Figure 4- 12 shaws the calculated fields. It 
provides 330 T/m gradient - 30% more than the LHC lattice requires. This design example illus- 
trates again the power of the block-coil approach to design a buildable, optimal solution to a wide 
variety of magnet design requirements. 
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Figure 4-35. Low-B insertion for LHC. Note that By- &/4. 
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Figure 4-36. Symmetric block-coil quadrupole: 300 T/m gradient, 70 mm aperture, 4.2 “K. 

77 



c '.C 

E. Inorganic B-sta e for NbsSra ~~~~ I 
In Nb3Sn magnet technology, the strand or cable elements are wrapped with E- 

glass or S-glass cloth, either as a half-wrap or as a tubular sock The coil is baked in a 
reaction bake cycle (-24 hour, 750 "C, inert atmosphere) to diffuse the Nb and Sn in the 
heterogeneous strand composition to form superconducting Nb3Sn filaments. This 
process must be done after winding (wind-and-react) because the superconducting dloy is 
brittle and subject to fracture in winding and forming operations. The glass cloth cable 
insulation is typically impregnated with-.sizing (e.g. starch, -2% by weight) to make it 
pliable for handling. The starch is b u d  out in an atmospheric bake to 400°C prior to 
the reaction bake. 

Immediately after the reaction bake, the coil is vacuum impregnated with an epoxy 
system; the impregnated coil is then cured to produce a solid composite. There are three 
good reasons for the vacuum impregnation. First, the glass cloth becomes extremely 
brittle after the sizing is burned out, and is prone to eacture. Second, the glass cloth can 
prevent cable-cable shorting, but cannot prevent electrical breakdown in He gas during a 
quench (the Pasche: limit -1,000 V). Intra-coil breakdown could damage the coil and its 
insulation. Third, the strands within a Rutherford cable must be supported by a matrix in 
the space between them, or the prestress forces would crush them at the points where 
strands pass over one another in the transposition pitch of the cable. At those locations 
the macroscopic preload would produce a stress concentration, which would yield the 
strand matrix and fragment the superconducting filaments, degrading j,. The impregnated 
epoxy provides supporf in the inter-strand space so that stress does not concentrate. 

The impregnation of a coil brings with it an unfortunate problem. Liquid helium is 
excluded from the coil, and cooling can only be provided at the coil boundaries. For a 
thick coil, heat produced in the coil must transport through the rather poorly conducting 
epoxy/glass matrix to be removed.- Even a modest heat load could produce a significant 
temperature differential within the coil. In a typical collider magnet, two major heat 
sources are intimately associated with the coil: synchrotron radiation is absorbed on the 
beam tube, and beam losses produce energy deposition directly in the coil. These heat 
sources become more of a problem as the collider energy increases. Inclusion of 
additional materials in the epoxy/glass impregnation usually only makes the problem even 
worse. For example, the CERN group tied using mica as an inter-coil insulation. The 
mica developed microscopic voids between the lamina of the crystal structure, which 
caused its thermal conductivity to decrease tenfold. 

What is needed is an insulating system which provides a d i d  support matrix in the 
inter-strand spaces within a cable element, forms a dielectric coating on all strand 
surfaces to block gas breakdown during quench, stabilizes the glass cloth wrap, but 
provides an open porosity within which liquid helium can flow in the (thin) gaps between 
cables in the coil package. 
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We propose to develop such a system. Severd authors have developed similar in- 

A ffuid composite of ceramic and glass ~ O W ~ W S ,  resira, mid voilatile vehicle is used to 
impregnate the cable and possibly the E-glass tape as well Each is dried to remove 
the volatile vehicle, and to cure the resin if necessary; 

sulation 
6 

is illustrated in Figure 4 13 : 

The tape is half-lap wound onto the impregnated cable, 
The insulated cable is wound onto the coil forms to fabricate the coil package; 
The ends of the inner layers are flared as described above, 

e The completed coil is fired to remove all organic resins and sitin& then baked to react 
the ~ b 3 ~ n .  

The glass-ceramic-resin material must satisfy a number of criteria in order to pro- 
vide the necessary functions described above. The liquid material must be capable of 
penetrating the cable in a dip process to fill the interstices between strands. The dried and 
cured material must adhere to the strands, and provide a flexible, cohesive bond to prevent 
decabhg when bending the inner coil ends. The glass-ceramic mix must wet to the sur- 
face of the strands during the reaction bake, must not dfi-se into the strands to a degree 
which would poison the superconducting performasce of the Nb3Sn alloy, and must form 
a tough matrix of very hard modulus after the' reaction bake is completed. The mix must 
bridge the spaces between strands sufficiently to eliminate stress concentrations under 
face-on cable loading. The mix must form a continuous, vitreous coating on the strands to 
provide electrical iso!ation from the liquid helium. The voids left following the burnout of 
the resin (-50% of the mix by volumej must form an open matrix which pennits penetra- 
tion of liquid helium throughout the coil package. 

Two lines of development are pertinent to a technical solution to these multiple 
demands. First, Ceramphysics has developed several glass-ceramic formulations in which 
the ceramic component provides large heat capacity at liquid helium temperature and rea- 
sonable thermal conductivity. While the ceramic component does not sinter at the -750 
O C  reaction temperature of the cable, several glasses were used which VitriQ at that tem- 
perature and provide a continuous matrix which incorporates the ceramic powder and 
wets to the cable strands. It was found that wetting required that a layer of nickel be 
electroplated on the strand surface Nickel poses a difision contamination for Nb3Sn, 
however, so it is suggested that the chromium plating which is being done for the ITER 
project may serve the same hnction of promoting wetting of the glass while also provid- 
ing a diffusion barrier against any poisoning of the strand by components of the ceramic- 
glass mix. 

Second, Ferro has developed a product l i e  for thick-film technology which uses 
resin resin filled with ceramic and glass powders to produce a stable film for electronic 
substrates. If a suitable mix of glass and ceramic powders could be formulated in their 
resin resin, the above combination of properties might be achievable. 
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The overall process that is desired is akin to the "IB-stage' process of epoxy impregnation 
for NbTi superconducting magnets (which do not require ik reachn Me),  in which green 
epoxy is loaded into a tape? wrapped onto the cable, and the compkted coil is reacted to 
cure the epoxy while leaving porosity for helium penetration. A third company, Compos- 
ite Technology Development, has developed processes of this sort and has committed to 
collaborate with us to develop the inorganic B-stage. They have a well-equipped test lab 
and can test most mechakal, electrical, and thermal properties of interest. 

In order to achieve success with the proposed insulation strategy, it may be 
necessary to employ two seemingly disparate concepts, either separately or in concert. 
One concept uses binders, capable of a carrying high loading of inorganic fillers, that can 
be thermally decomposed with near-zero char formation. The other concept is to use 
"pre-ceramk" polymers that are capable of being thermally decomposed at temperatures 
<175 "C to form amorphous inorganic compounds with useful dielectric insulating 
properties. 

With either concept it will be necessary to control the removddecomposition of 
the resin carefblly to assure that sufficient structural integrity, porosity, and coating of the 
individual cable strands are obtained. The important parameters to be controlled during 
thermal processing will include time, temperature, and the hrnace atmosphere. 

Low-char organic resins. 
Two classes of low char forming resins will be considered: resins that decompose 

in air or oxygen-enriched atmosphere to give tt: typical volatile combustion products; 
and resins that will thermally degrade to form volatile organic products, usually the 
monomers from which the resins were originally made. 

Resins susceptible to low temperature combustion. 

insulation are listed below with comments:- 
Some candidate polymers to be considered as resin systems for the glasdceramic 

Poly(Viny1 alcohol)? PVA, [-CHT-CH(OH)-], - water soluble; capable of containing 
high loading of inorganic oxides; used to slip cast barium titanate ceramics. 
Poly(viny1 acetate), PVAC, [-CHz-CH(OOCCH3)-],, - probably capable of containing 
high loading of inorganic oxides. 
Poly(acrylic acid), PAA, [-CH2-CH(COOH)-Jn - water soluble, very compatible with 
inorganic oxides, large technology base. 
Poly(ethy1ene oxide)/poIy(ethyiene glycol), PEWPEG, [-CHTCH2-O-], - water 
soluble; forms complexes with metallate ions, compatible with inorganic fillers. 
Natural rubber latex emulsion (water) - very susceptible to oxidative degradation at 
relatively low temperatures, should be able to make suspensions with fine inorganic 
oxide powders and appropriate surfactants and dispersing agents. 
Poly(isobutylene), [-CH(CHJ)~-CH~-], - low char forming polymer. 
Dow Chemical XUS-40303.00 high burn out binder, undisclosed composition; water 
and organic solvent soluble; used for ceramic fabrication as a "green" binder. 
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PVA, PVAC, PAA, and PEG dl contain a high oxygen content (C/O = 2/1) to - 
promote complete combustion under oxidizing conditions. 2% should facilitate the 
removal of the resin during burnout in air at elevated temperatures For example, Union 
Carbide's Carbowax@ PEG 20M is reported to lave an ash of only O.OS% theoretical 
during thermogravimetric analysis (TGA) in air to 375-400 "C. Because they are all polar 
polymers, they are compatible with inorganic compounds and should be able to handle 
high loading of filler compounds and still remain feasible. 

The use of an elastomeric binder such as a natural rubber latex (in emulsion form 
for easy impregnation) or poly(is0butylene) which remains a liquid at room temperature 
when the formula weight is between 300 and 3,000 is potentially beneficial because it 
could lead to a more ductile cable assembly prior to burnout. The complete degradation 
of latex rubber is promoted by szonolysis which promotes the breaking of C-C bonds. 
Thus it may be advantageous to use an ozone containing air atmosphere to facilitate the 
low temperature removal of elastomeric resins. 

Dow Chemical's high-bumout binder, XUS-40303.00 is of interest, since it is 
designed to be used as a "fbgitive" binder in the first stage preparation of monolithic 
ceramic shapes. It reportedly melts at 110-120 "C and undergoes a catastrophic 
decomposition at temperatures of 350-750 "C w t h  a 99% weight loss. 

Resins that pyrolyze with little or no char formation. 
A number of readily available polymers thermally decompose essentially 

completely into volatile decomposition products. Most of these decompose by unzipping 
of the polymer chains to regenerate the volatile monomers. Some potentially usefd 
pyrolyzing polymers are: 

n Poly(methylmethacrylate), PMMq [-CH2-C(CH3)(COOCH~)-fn 
n Poly(alpha-methyl styrene), PMS, [-CH*-C(CH3)(C6HS)-]a, These two polymers unzip 
completely at elevated temperatures in inert atmospheres with 100% regeneration of the 
volatile monomers. 
0 n Nylon 66 (polyamide) is interesting because it yields no char when it is combusted in 

air. Since one would expect at least moderate amounts of char from aerial thermotysis 
of a polyamide polymer, it likely at least unzips in part. 

0 Poly(dimethylsiloxane), PDMS, [-Si(CH3)2-0-], polymers are commercially available 
with a wide range of molecular weights. They can be cured at 100-150 "C using 
conventional peroxide curing agents, and decompose at 600-700 "C without the 
formation of char. If the decomposition were carried out in air, we anticipate that a 
significant residue of amorphous silica would remain. A commercial copolymer of 
PDMS and methylmethacrylate is also available. This material also is expected to be a 
zero or near zero char former during thermal decomposition. 

0 Polycarbosilane polymers are being used as pre-ceramic polymers. Dietmar Seyferth, 
in an overview paper reports that polysilmethylene, [-(CH3)rSi-CH2-In, decomposes 
thermally in an inert atmosphere without the formation of cha?' . W.P. Weber et al. 
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report two compiex ~ l y c & o ~ ~ a n e s ~ * ~ ~  t b t  when pyrolyzed in nitrogen between 
550-750 "C and >450"C respectively. 

Pre-ceramic polymer resins. 
Because of the current technical and industrial interest in both electronic and 

structural ceramic materiais, a new technology has developed around the use of pre- 
ceramic poIymers. These are polymeric materials that can be decomposed thermally under 
moderate to high temperatures to generate usefil rehctory ceramic materials. In contrast 
to fbgitive (green) binders, when pre-ceramic polymers decompose they are convertd in 
significant part into usefbl oxide or non-oxide ceramic materials. Much of the technology 
reported in the open chemical literature and the patent literature deals with the formation 
of the following crystallime phases: 

0 Si02; 
&03; 

0 aluminosiIicates; 
0 metal titanates; 
0 Sic; 

BrC; 
T&; 
Si3N4; 
refractory metal borides, carbides, nitride, and silicides. 

Generally the thermal decomposition of th: pre-ceramic polymers takes place in 
two steps. First the polymers are heated at moderate temperatures (<1,000 "C) to 
decompose the polymer and remove most of the volatile decomposition products and form 
amorphous ceramic precursor powders. Second the amorphous first stage decomposition 
products are annealed at sufficiently high temperatures to form the desired crystalline 
ceramic phases. 

We plan to consider a number of pre-ceramic polymers as resins for impregnating 
the cablc segments and the E-glass tape. One objective will be to generate amorphous 
oxide or noG-oxide phases that will provide a struch.ually intact framework, usehi 
porosity, and satisfactory dielectric properties. 

As mentioned earlier, the exact stoichiometry of the amorphous chars, and the 
conversion efficiencies will depend on time, temperature, and the fbmaee atmosphere. By 
decomposing certain pre-ceramic polymers in air or under low partial pressures of oxygen 
it will be possible to form reiatively low melting oxide glasses in relatively high yields. 
And, of course, it is possible to form glasdceramic compositions that will form a liquid 
phase, below 750 "C, especially if certain inorganic glass forming modifiers are dispersed 
in the impregnating resins. Potential ciasses of pre-ceramic polymers are: 

Polycarbosilanes 
0 Polycarbosilazanes 

82 



Silicone resins 
0 ,  Filled h$~ yield carbon precursor resins 

A large number of polycarbosilane and polysilaane polymers have been 
commercially developed as precursors to Sic andha Si& For most of these polymers 
pyrolysis and high temperature annealing in ammonia promotes the formation of the 
nitride at the expense of the oxide. Some of these ceramic precursor polymers will be 
considered as resins for the glasdceramic insulation system. 

The silicone resins (rubbers) are an attractive potential class of polymer precursors 
to silica if they are thermally degraded in air or oxygen rich atmospheres. By loading them 
with boron and /or other .netal compounds the silicone resins are potential precursor 
polymers for silicate, borosilicate, and aluminosihcaLe &sses or @ass ceramics. 

Although there are a number of commercial manufacturers of silicone resins, a 
particularly attractive one is RTV 161, available &om General Electric. This resin uses a 
non-corrosive alkoxy cure system, and decomposes in air above 300 "C. RTV 560 is 
another attractive pourable silicone resin that decomposes in air above 260 "C. Such 
resins have been demonstrated as precursors to Sic when thermally decomposed in 
ammonia. 

A series of U.S. Patents have been issued to Myers42. They disclose silazane and 
silazane polymer precursors to Sic and Si3N4. When fired in air at 1500 "C the best of 
these precursor polymers gave char yields > 90% based on Si. Of course much of this 
residual silicon was present as silicon oxides or silicon oxycarbides. 

Liquid, thermosetting Si-0-C-N pre-ceramic polymers also are disclosed. They 
could be very attractive resins for the glasdceramic insulation system. 

Myers also developed a silazane modified phenolic resin that gave an 80% char 
yield based on Si and C. This pre-ceramic polymer was developed as a matrix resin for the 
manufacture of C/C composite materials. 35 

Resins that give high char yields of carbon during pyrolysis in inert atmospheres 
also are of interest as matrix resins for the glasdceramic insulation, especially when loaded 
with metals or metal precursor powders. In these cases inert atmosphere pyrolysis would 
generate char residues rich in refiactory metal compounds. 
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F. Cost comparison ~~~~~~ SS nd block dipoles 

It is absurd in general to argue pro or COti the manufacturing cost of a superconducting 
magnet before one has built and tested model magnets md even pre-production prototypes. 
However, it is appropriate to address here one particular criticism which has been made on several 
occasions concerning the potential for cost savings in pressing magnet technology to the high- 
field fiontier “The cost of a high-field magnet is mainly in its superconductor. As one pushes 
field strength ever higher, the total quantity of superconductor for a given energy storage ring 
grows, hence the cost grows, so the magnet system cost will grow with field strength.” 

We have attempted to address this criticism by comparing the major cost elements wh+h 
comprise as SSC dipole, whose costs are now well documented, to the anafogous costs for a 16 
Tesla Mock-coil dual dipole. The SSC dipole cost was evaluated thoroughly during the final DOE 
review of the project. Figure 4-3 1 shows the evolution of the estimate of the cost per 16.5 m di- 
pole, as various cost-saving potentials were evaluated. The resulting cost per magnet was 
-%l6O,OOO, divided roughly equally between finished parts (superconductor, beam tube, cryostat 
components, collar laminations, etc.) and Iabor for assembly. 

To compare the block-coil dipole design to that of the SSC cos 8 dipole, we must com- 
pare conductor costs, the cost of parts other than conductor, and the labor for assembly. In con- 
sultation with Dr.‘ McIntufi, who is familiar with all aspects of the SSC dipole fabrication and 
with the fabrication issues for Nb3Sn coils, we have endeavored to make a rough comparison of 
the two designs: 

Conductor. Nbf iKu  cable costs -$ IOOflb in production quantity. The total conductor cost for 
an SSC dipole is $40,000 (%2,53O/m). 

Nbs SnKu cable costs -$300flb in small-quantity today. There has never been a 
production-quantity application; suppliers estimate a quantity cost in the range $1 50-2OOAb. The 
range of total conductor cost for a block-coil dual dipole would be $29,000-39,000/m. 

Magnet Parts. SSC dipole: Deducting the above conductor cost fiom the $80,000 component 
cost for an SSC dipole, the cost of all other finished parts is -WO,OOO ($2,31O/m). 

Block-coil dipole: The number and size of finished parts (e.g. lamination pieces, 
beam tubes, He shells, end fittings for one block-coil dual dipole is roughly twice that for 
one SSC dipole. 

Magnet labor. SSC dipofe: The labor cost for all assembly processes (coil winding; beam tube 
assembly; coil assembly and ground plane installation; lamination stacking and welding; 
collar assembly, prestress, and welding; iron lamination stacking, welding, and assembly; 
outer she3 assembly and welding) is -$80,000/magnet ($4,84O/m) 

Block-coil dpole: The coil assemblies should be considerably simpler to build and 
position than those for a cos 8 dipole, but there are more of them. There is only one set of 
laminated collars, instead of the two sets (non-magnetic and magnetic) on a cos 8 dipole. 
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On the other hand the Nb3Sn coil assembiy must undergo a reaction bake. Unless our new 
concept for inorganic B-stage inmiation is successful, it will have to be vacuum impreg- 
nated just Iike the cos 8 dipoles. Overall we estimate that the labor for fabrication of one 
block-coil dual dipole is roughly twice that to fabricate one SSC dipole. 

Table 3 presents a cost comparison of the overall cost of the dipole magnets for a 
6 = 40 TeV hadron collider, under the above awmptions. Two costs are estimated for the 
block-coil dipoles, corresponding to the low and high extremes of the conductor cost estimation. 
The range of costs for the blockail case brackets that of the SSC dipoles: the magnet costs are 
likely to be comparable for given energy, given aperture, etc. For a 2.5-times higher field 
strength, the tunnel cost is proportionately cheaper, and the siting of an ultimate-energy collider is 
proportionately easier. 

There is one additional, more subtle potential for fiuther substantial cost savings. The 
block-coil design which is shown in Figure 4-4 and used in calculating the costs in Table 3 is de- 
signed to provide an aperture of 5 cm. As discussed above, both the physical aperture and the 
good-field aperture of the magnet are likely more than is required for an ultimate-energy, ulti- 
mate-field collider. The aperture of the SSC dipoles, which received a tremendous amount of at- 
tention during 1992, was increased to 5 cm primarily because the field quality and injection sextu- 
pole fields were marginal for collider requirements with the original 4 cm aperture. The field cal- 
culations to date indicate that both concerns may be in fact quite acceptable with a block-coil de- 
sign. The quantity of supercon4uctor in the block-coil design scales as the square of the aperture. 
Reducing fiom a 5 em to a 4 em bore would reduce superconductor cost by 36%, total magnet 
cost by 30%. 

The original criticism regarding the cost of higher field is simply based upon a false as- 
sumption: the superconducting cable represents only -25% of the cost of an SSC magnet. There 
is real potential for cost savings and project enhancement by pressing the high-field frontier. 
Whether the potential is real or not can only be found fiom the proposed R&D program. 

- 
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Figure 4-37. Cost analysis of the SSC dipoles, rrom final DOE 
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review. 
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Table 3. Cost comparison of SSC dipole and block-coil dipole 

- 
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I .  

*-*- 

Research Plan 

* -  

We have formed a collaboration with the Supereonduetin Magnet Program at Lawrence 
Berkeley Laboratory for the coordinated development of high field mflider magnets which extend 
beyond the bounds imposed by NbTi superconductor and cos 9 mil geometry. It witl be the only 
such effort in the wofid, so far as we are aware. The task IS an ambitious one: it took '0 years to 
fblly mature the conductor and-magnet Fabrication technologies for the current state-of-the-art. 
The task is mar@estly a long-term R&D project. It is howewer absolutely vital if we are to pre- 
pare a credible technology base for possible fbture hadron colliders to push the energy Eontier for 
high energy research. 

- 

We hve  developed a research plan for the first thee years of the program, and an alloca- 
tion of tasks between LBL and Texas A&M. The plan and miiestones are summartzed * below, 
with detail. provided in the W B S  project schedule. 

The design and fabrication of all prototype dipoles will be carried out at Texas A&M. We 
are requesting from TNRLC the allocation of the short-magnet fabrication facilities at SSCL. 
These faciiities would give us an excellent basis fo: all aspects of magnet design and fabrication. 

We have also requested fiom TNRLC and DOE the allocation of a short-magnet test cry- 
ostat, a liquid helium refrigerator system, and an ASS? magnet test electronics system which 
would support the testing of the dipoles at Texas A&M. Because of the necessity to plan our 
program with an absolute minimum of manpower, we plan to focus our hardware efforts during 
the first year entirety on commissioning the fabrication facilities and building the first two model 
magnets. LBL has agreed to test our first several magnets in thek test cryostat. We plan to 
commission the refigerator and the test electronics system during the-mnd year, so that by the 
end of the second year we will be able to test magnets in-house. 

LBL has agreed to supply us with all superconducting cable as required for our short 
model magnets. Their role in that respect is a tremendous boost, because they are among the 
most knowledgeable and best equipped group in the world for cabling and testing Nb3Sn cable. 
LBL also plans to work with GE in developing and evaluating high-field Nb3Sn tape, utilizing 
GE's tape process Wty. If successful that effort would yield tape suitable for use in the pipe 
dipole PST-1 in the third year. 

A summary list of the equipment which we are requesting fiom each of 'IlURLC and DOE 
follows the budget. - 
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Yeas 1 Reserare ilestones 
0.13 Tesla cos 8 dipole tests (D20) 
The D20 magnet should be completed in late 1993. Instrummtation for its testing is being built 

at the same time. Testing will commence in early 1994. One Texas A&M graduate student will 
come to LBL for -6 months to participate in the testing (LBL support). 

Milestone: Test results to be presented and reviewed at the Erice High-Field Magnet 
Workshop, May 1995. 

1. NbTi block-coil dual dipole (BT-1) 
The BT-1 magnet is a block-coil dual dipole, using NbTi cable. Its geometry, coil dimensions, 
and construction aFFroach will be taken exactly h m  that of the 16 Tesla Nb3Sn design. The 
purpose. of BT-1 is to validate the field design, and to evaluate many practical issues of magnet 
fabrication: conductor placement tolerance, coil end strategy, preload strategy, and quench behav- 
ior. We may elect to use a B-stage epoxy insulation rather than vacuum impregnation, in order to 
evaluate some of the issues that will arise for the “inorganic B-stage” we plan to develop for use 
with Nb3Sn coils. Because this magnet will be used for so many learning curves, it will be de- 
signed to be demountable so that we can try various coil, insulation, and preload approaches. 

Milestone: Magnet tests in August 1995. 

2. Insulation development 
We plan to evaluate various options for a residglasdceramic “B-stage” insulation scheme. Most 
tests will be conducted on small coil samples, to evaluate cure cycles, mechanical and electrical 
properties after reaction bake, and helium percolation. Once practical processes are developed, 
test coils will be built and tested in a steel flux shunt. 

Milestone: Insulation development report to May 1995 review. 

3. NbsSn block-coil dual dipole (BS-1) 
The BS-1 magnet will be our first prototype of the block-coil magnet with Nb3Sn conductor. We 
will adapt the design and fabrication processes according to what we learn from BT-1. Issues of 
particular importance for this first model are evaluation of winding, reaction, insulation, and pre- 
load strategies. The coil will be instrumented with LBL strain gages throughout the coil assembly 
to measure the distribution of preload and Lorentz stress during cooldown, as a fhction of field 
strength, and during quench 

Milestone: Magnet testing in May 1996. 

4. NbTi pipe magnet (PT-1) 
PT-1 is another “learning magnet”. We will use NbTi conductor in order to validate the field de- 
sign, develop procedures for coil winding and assembly, and evaluate options for preload strategy. 
As with BT-1, all dimensions and design details will be taken directly from the Nb3Sn design, so 
that we can evaluate the design and fabrication issues. Like BT-1, it will be designed to be de- 
mountable so that many tests can be made. One issue will perforce ‘be different, however: PT-l 
will use NbTi cable, while the follow-on Nb3 Sn version may use tape conductor. 

Milestone: Magnet testing in July 1996 
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Principal Investigator. 
Peter M. McIntyre is a Professor of Physics at Texas A&M University. He has 

been devising new technology for accelerators for 15 years, including p p  colliding beams, 
beam cooling experiments, gas microstrip chambers, superferric magnets for hadron 
colliders, and of course gigatron. 

Physicists. 

gigatron for the past three years. 

and microfabrication t xchniques. 

Jochen Trost is an Associate Research Scientist, who has been working on 

Yaoqi Pang is a senior technologist witti particular expertise in materials wiepcc: 

Students. 

research on the gigatron technologies. 

room fabrication technology. 

instruments. 

Bo Lee and Don Smith have both recently graduated after compleing thesis 

Howard Demroff has experience with microwave techniques as well as dean- 

Marcus Drew has built component elements of several of our fabrication 

Technicians. 

expertise in the techniques and equipment we use to metalize and etch silicon. 

operate, tune, and repair our various elderly process fabrication equipment. 

Tim Elliott is an electronic technician and also a CAD designer. He has wide 

Tapan Mazumdar is a technical physicist, with excellent hands-on ability to 



Personnel (High-Fie1 M~~~~~~~ 

The proposed project is an attempt to bring together a number o f  outstanding scientists, 
engineers, and technicians, half of whom are being laud of€ from the Super Collider, and a strong 
base of equipment fiom SSCL, to create a lean, mean team for design, building, and testing super- 
conducting magnets. The team comprises all of the skills and expetience necessary to assure an 
efficient, successfil magnet R&D effort. 

Principal Investigator. 

- 

Peter M. McIntyre is a Professor of Physics at Texas A&M University, and has a number of 
accelerator accomplishments to his credit: invention of p i  colliding beams, beam cooling ex- 
periments at Fedlab, and aevelopment of tke sipcrferric design for collider magnets. 

Physicists. 
Sergio Pissanetzky is a Senior Scientist at the Houston Advanced Research Center. He has 
authored -50 designs for advanced superconducting magnets, including the superferric col- 
iider magnets, a 4 Tesla whole-body MRI magnet, a high-current SMES test facility, and an 
open-geometry MRI magnet. Dr. Pissanetzky is author of MAGNUS, a 3-D Poisson code, 
and OPUS, a code which performs a constrained optimization of magnet design for multiple 
constraints and weighted pedonnance criteria. 
Charles Meitzler is a Professor of Physics at Sam Houston State University. He has -15 
years experience with linear accelerators and r.f quadrupoles. During the past 5 years he has 
developed a state-of-the-art facility for precision measurement of high-field NMR spectros- 
copy magnets and of persistent-current joints for h4R solenoids. 
Gan Liang is a Professor of Physics at Sam Houston State University. He is a metallurgist, 
and has worked for the past 5 years on the development of improved techniques for insulating 
Nb3Sn coils. 
Weijun Shen is a pre-doctoral Research Assistant at Texas A&M University. He has COR- 
ducted most of the calculations which are the basis of this proposal. He worked at SSCL for 
2 years in magnet development, and built and tested several successfbl magnets there before 
joining Texas A&M two years ago. 
Damir Latypov is a post-doctoral Research hsociate at Texas A&M UGversity. He has 
spent the past three years calculating quench propagation in a variety of magnets, and in 
making some of the most definitive measurements to date PO experimentally validate quench 
simulations over a range of coil parameters. 
Tarikh Jaffery has been a Scientist at SSCL. He has worked at both Fennilab and SSCL in 
testing the performance of the prototype magnets and the half-cell string at SSCL He is fa- 
miliar with all aspects of test design, hardware, and and procedure. 

Engineers. 
John Colvin is a senior cryogenic engineer at the Hoi-ston Advanced Research Center He 
has -20 years experience at Fennilab and at HARC in design, operation, and debugging of all 
forms of cryogenic equipment: refrigerators, compressors, cryocoolers, complex cryostats 
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Richard Sims is a senior design engineer at SSCL He %la9 broad experience in project man- 
agement, and in design an$ operation of most of the equipme~t which would be used to fabri- 
cate and test short model magnets. 
Robert Wendt is a mechanical desma- and e.x@nm vrho has designed and built a wide va- 
riety of magnet fabrication equipment and cryostats. He worked at Fermilab for 15 years be- 
fore joining SSCL. 
Lucien Plesia is an electrical engineer with four years experience in control systems and data 
acquisition. He is the most knowledgeable expert on the hardware and software of the ASST 
test syst m. 

A n d m  Jaisle is a senior accelerator technician, with 10 years of experience at Brookhaven 
and SSCL in all aspects of superconducting magne!t.fiibrication. 
Mike Hertjes is a senior accelerator technicizn, &th 15 years of experience at Fermilab LAd 
SSCL in buildmg superconducting magnets, operating refrigerators, and conducting magnet 
measurements. 
Richard Applegate is an accelerator technikan with 5 years experience in assembling, com- 
missioning, and operating the ASST system. 
Tim Elliott is both an electronic technician and a CAD draftsman of excellent ability. He is 
expert in a wide range of vacuum techniques and in electronic equipment operation and repair. 

.- 

Technicians. 

~ 

'H.M. Bizek et ai., IEEE Trans. Plasma Sci .  16, p.258 (1988); 
2H.M. Bizek et al., IEEE Trans. Electron Devices ED-36, p.2720 (1984). 
B. Lee et al., "Knife-edge thin-film field emission cathodes", Proc. 1993 Particle Accelerator 

D.D. Smith et ai., "The oxidized porous silicon field emission array", Proc. 1993 Particle 

C.A. Spindt et ai., J. Appl. Phys. 47, p.7089 (1976). 
C.A. Spindt et al., "Field emission array development," Proc. 33rd Intl. Field Emission 

Symposium, Berlin, Germany, July 1986. 
W.K. Yue, "Electron Field Emission in Porous Silicon," Dissertation, Department of Electrical 

Engineering, Texas A&M University, August 199 1 (unpublished). 
Bo Lee et aI., Appl. Surface Sci. 67, p.66 (1993). 

R.C. Jaklevic et al., J. Vac. Sci Technol. 86, p.448 (1988). 

3 

Cod., Washington, DC (1993). 

Accelerator C o d ,  Washington, DC (1 9932. 
4 
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9R.C. JaMevic, L. Elie, W. Shen and J.T Chen, Appl. Phys. Lett. 52, p. 1656 (1988). 

lo A. Uhlir, Bell System Technical Journal 35,333 (1 956) 
'IV. L e u  J. Electrochem. SOC. 140,2836 (1993). 

T. Unagarfii, J. Electrochem. Soc. 127,476 (1980). 
D.R Turner, Surface Chemistry of Metals andSemiconductors, ed. H.C. Gatos, John Wdey & 

Sons, New York, 1960. pt In, p. 285. 
Y. Aiita, J. Crystal Growth 45,383 (1978) 
R. Memming and G. Schwandt, Surface Sci. 13,265 (1969). 
T. Unagami, J. Electrochem. SOC. 127,476 (1980). 
R.C. Jaklevic et ai., J. Vac. Sci. Technol. A6,448 (1988). 
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Peter Me McIntyre 

DATE OF BIRTH: September 26,1947 
EDUCATION: B.A. degree, Physics, University of CRicago, 1967 

M.S. degree, Physics, University of Chicago, 1968 
Ph.D. degree, Physics, Unive: sity of ChJcago, 1973 

196%- 1969: Instructor, University of Chicago. 
1972-1974: Research Associate, Enrico Fermi Institute. 
I 974-- 1975: Visiting Scientist, CERN. 
1975--1979: Assistant Professor, Harvard University. 
1979-1980: Gr ,~p  Leader, Intmsl Twpet Group, Fermifab. 
1980-1 986: Associate Professor, Texas A &M University. 
1984- 199 1 : Spokesman, Texas Acceferator Center. 
1993-1 994: Director, Texas Accelerator Center 
1986-present: Professor, Texas A&M University. 
198%-present: President, Accelerator Technoiogy Corporation. 
1990--1991: President, The American Physical Society, Texas Section. 
1990- 199 1 : Associate Dean, College of Science, Texas A&M University. 
1 990- 1993 : President, Board of Trustees, St. Michael's Academy, 

POSITIONS HELD: 

AWARDS AND FELLOWSHIPS: 
Sloan Foundation Fellow, 1980--82. 
IR- 100 Award, 198 1 : electron beam development and electron cooling experiment 
Governor's Citation of Merit, 1989, leadership in the Texas siting of the SSC. 

PATENTS: 
CUTS: continuous unitized tunneling system. 
Gigatron: a high efficiency microwave power source for linac colliders. 
Structured coil design for superconducting magnets. 
Pipe Magnet: compact dud dipole for hadron colliders. 
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Peter Mastin McIntyre 

Peter Mastin Mclntyre is a Professor of Physics at Texas A&M University He 
studied at the University of Chicago, where he received his 3h.D. in 9973. He performed 
experiments with colliding beams at CERN in Geneva, Switzerland until 1975, then joined 
Harvard University as Assistant Professor. While there, he participated in neutrino 
scattering experhents at Fermilab. In 1976 he was the first to propose to make colliding 
beams of protons and antiprotons using the large synchrotrons at Fennilab and at CERN. 
This work led to the discovery of the weak bosons at CERN in 1982. He developed 
several techniques for cooling intense beams of antiprotons. In 1980 he was awarded an 
IRlOO award for the invention of a new technique for high-efficiency collection of intense 
electron beams. 

Since joining Texas A&M in 1980, he has conducted a search for magnetic 
monopoles in a nearby salt mine, ankhas participated in the construction and operation of 
the Collider Detector at Fermilab (CDF). Dr. McIntyre is an A.P.Sloan Foundation 
feIIow, and is listed in Who's Who in ,Science (Md Engineering. Dr. Mchtyre was among 
the first to propose lire construction of the Superconducting Super Collider and was a eo- 
author of the Texas SSC site proposal. In 1984, together with F.R. Huson, he founded 
the Texas Accelerator Center, a university-based laboratory for advanced accelerator 
research, and served as its Director in 1993-94. He has led the development of the 
relational database and curriculum development environment software for Project 2061, a 
national program for reform of K-12 science education. He is developing educational 
software for high energy physics and accelerator physics. 

Dr. McIntyre is currently involved in three areas of research. He is participating in 
the CDF experiment at Fehlab, which is studying 2 TeV proton-antiproton collisions and 
has recently announced evidence for the top quark. He is developing new technology for 
hture high-energy colliders: gigatron, a new high-power microwave amplifier for f h r e  
e'e- linac colliders; a 16 Tesla dual dipole for future hadron colliders; and targetry and 
cooling for a 1 TeV p+p' collider. He is developing the gas microstrip chamber, a new 
precision track chamber which offers excellent performance for high-energy collider 
experiments and also as an electronic X-ray camera for mmmcgaphy. 
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Abstract 1 

This pro@ requests funding for a 3-year renewal of the DOE advanced accelerator RBtD (AARD) PO- 
gram at Teams A&h4 University. Our program to date has focused on the development of the gigatron. a compact 
high-eficiency microwave driver for future linac colliders. We report results and progress in that project, and plan 
to bring it to a milestone and conclusion by mid-1995. We propose to initiate a second project. the development of 
a new technology for ultra-high field supercondncting magnets for future hadron colliders. This pject builds 
upon two magnet designs which we have introduced during the past year. which have the potential for a dramatic 
extension of the achievable field strength for both dipoles and quadmpoles. 

huing the past year, we have achieved direct emission into vacuum from two gated fieidemission cath- 
ode technologies, a H e d g e  array and a porous silicon smcture. Each cathode structure is designed to optimize 
direct microwme moctUiation. The gate geomevy and drive anductor patterns for this puipose require multi-mask 
IC fabrication strategies. and have required substantial process development. Catho&s suitable for triode emission 
studies have been fabricated -. While these proOf-principle tests are encouraging, consickable effort 
remains before either cathock could be incorporated within a micrmvave power device. At the same time, more 
conventional approaches to high power and high efficiency at C 'band have been improved to pruvick r.f. drive 
performanw close to that required for the Next Linear Collider (NLC). 

We propose to continue the present ef€ort through the first six months of the extended program. The 
specific objective is to build and test a round-bwn microwave-modulated catbode, which could either serve as the 
precursor to M e r  development of microwave power devices or as a stand-alone moQlated cathode for linacs. 
We intend to continue gigatron development toward those objectives, and will seek funding from other sources. 

We propose to make a major shift in the direction of our AARD program: the development of ultra-high 
field supemnducting magnets for future W o n  colliders. During the past year we have invented field designs 
which promise to extend &pose field strength to 16 Tesla and quadruple gradient to 300 T/m. We have devised 
coil fabrication techniques for Nb$Sn coils which should provide simpler and more reliable fabrication and Superior 
mechanical and thermal performance. One of the magnet designs, the pipe dipole, has a field geometry suitable 
for use with tape conductor, without the itsuai limitations due to charging currents, which ultimately could provide 
a basis for developing practiwl magnets with A15 or BSCCO conductors. We have formed a collaboration with 
the Supercunducting Magnet Group at LBL, to develop and test magnets embodying these dxekpments. The 
primary focus of the TAMU program will be dipoles; after the testing of the D20 dipole the primaxy focus of the 
LBL program will be guaQupoles. If swesshl, we would provide a twofold impruvement in the state of the art of 
superconducting magnet technology for 

A substantial base of equipment is requested from both DOE and the Texas National Research Laboratory 
Commission (TNRLC). from the inventory ofassets which are to be transferred in the temhation of the SSC. The 
equipment would be used to establish facilities for fabrication and testing of model magnets at Texas A&M Uni- 
versity. In addition, interim salary support is rqwsted from TNRLC and SSCL to bridge 9 SSC personnel during 
the transition periad ftom their currently scheduled layoff through the first months of the poposed grant renewal. 

In support of the expanded scope of the program, TEES cOmmita cost-shdag in the form @f re- 
turned indirect costs, totpliag S800,OOO during the %year period. A 20,000 sq.k facility has been allocated 
to house the magnet developmeat activity. 

The3-yearrenewat proposal isstnrcturedin two tasks: fabrication and testing ofa microwave cathode as 
a &month conclusion of the gigatmn project; and high-field superconducting dipole development. For each task a 
scope of work, a schedule, and a budget are presented The personnel for the program comprise the present group 
at Texas A&M Univemity, collaborators at Sam Houston State University, and personnel who would relocate to 
Texas A&M from SSC and from HARC. The equipment and facilities requved for the gigatmn conclusion are all 
in place. The &clitia for the dipole development pro jec t  are available in a 20,000 sq.R alIWon within a newly 
aoquired building complex at Texas A&M University. A division of effort between the LBL gmup and the Texas 
A&M group has been negotiated, which llses to best advantage the expertk and Eacilities at each institution. The 
cost of facility improvements and moving and commissioning of the SSC equipment is contained within the cust- 
sharing accorded to the project by TEES. The objective ofthe propxed magnet program is to design, build, and 
test two short model magnets per year throughout the &-year period, thereby providing 8 meaningful empirical 
basis for the development a new generation of superconducting collider maguets. 

hadron colliders. 

." . 



r I. Gigatron Program 

The first endeavor of our program has been the development of a compact, high-efficiency 
microwave power source for e+e- linac coiliders. The luminosity of a linac collider will ultimately 
be limited by the energy efficiency with which the tremendous amount of microwave power (- 100 
MWlm) can be generated. For this purpose we invented and have been developing the gigatron, a 
new approach to microwave power tube design' * 2 .  

Gigapon as a microwave power technology. 
The gigatron design concept is illustrated in Figure 1-1 and is described in detail in Ap- 

pendix A. it features three novel developments: First, a gated field-emitter array is employed for 
the cathode, to produce a microwave-modulated electron beam directly into the vacuum. Second, 
rather than the conventional round beam, a ribbon beam geometry is adopted to mitigate limita- 
tions fiom space charge. Third, a traveling wave coupler is used to obtain optimum output cou- 
pling even with a wide ribbn beam. By contrast, all Conventional microwave power tubes begin 
with a d.c. electron beam, accelerate it, modulate its energy, pass it through a drift region in which 
it develops a current modulation, then passes it through an output coupler. The modulatioddrift 
section typically sets fbndamental limits to the efficiency, power, and bandwidth of power tube 
technologies. By starting with a modulated beam, gigatron would be able to eiiminate these 
stages altogether. The calculated performance of gigatron would considerably exceed anything 
yet achieved, and would meet the drive power reqirements of linear collider designs2: 

. 

- 18 GHz operating fiequency; -- 100 MW peak power for a 1 m device; 
-- 200 kV HV modulation; 
-- >SO% efficiency; 
- >40 dB power gain. 

Cathod? technology development. 
Our work to date has focused on the modulated cathode which is the heart of the gigatron 

concept. We have achieved gated field emission and modulation of emitted beam into vacuum 
with each of two technologies: a knife-edge emitter array3 with -200 A edge radius, 1,000 A gate 
spacing, and 8 pm substrate spacing (Figure 1-2); and a porous silicon cathode4 with a dense 
pattern of field-emitting pores and a thin gold gate layer (Figure 1-3). During the past year this 
work has resulted in the thesis research and completion of degrees by two of our graduate stu- 
dents: Bo Lee (knife-edge arrays) and Don Smith (porous siicon). The copies of both students' 
theses are attached and provide a detailed report of our research to date. 

Program milestones. 
We began the gigatron development program in 1988 with a systematic &nceptual design 

of the modulated cathode, ribbon beam geomettv, and output coupler. The first great challenge in 
the development of the gigatron is the demonstration of a viable technology for using gated field 
emitters under microwave modulation. We extrapolated the possible performance fiom the then- 
available field emitter cathodes which had been successfilly developed by C.A Spindt et ai? for 
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display applications. While these cathodes achieved high current density (up to 1000 Ncmz), the 
drive power required for microwave modulation would severely compromise the power gain and 
average power which could be achieved in a gigatron. We addressed this problem by developing 
a design for a resonant input coupler, shown in Figure 1-4. The coupler IocaIizes the current flow 
which is required to charge and discharge the gatelcathode junction, and thereby improves modu- 
lation performance by 20 dB. 

In 1990, our tests of tip-array field emission cathodes fabricated by Spindt et al.5 at SRI 
enabled us to identify specific features of the cathode structure which limit microwave modula- 
tion. These include resistivity of the gate film and substrate, parasitic capacitance between gate 
and substrate, susceptibility of the gate to damage during high-voltage breakdown, and insuffi- 
cient dielectric strength on the gatelsubstrate insulation to support the bias voltage needed to 
sustain large emission current density. In 199 1, we set out to develop two new kinds of highly 
emissive field emission cathodes: a striplime knife-edge cathode which increases the suiface den- 
sity of emitters by a factor of 100 compared to tip arrays, and a porous silicon cathode, inspired 
by studies of diodes that had been conducted at the TAMU Dept. of Electrical Engineering7. 

Our original knife-edge cathode design was improved in 1992 with a new fabrication ap- 
proach* which produces very sharp, tali blades and a very narrow control gap for modulation, as 
shown in Figure 1-2. In the summer of 1993, we succeeded in generating field emission into vac- 
uum from the improved knife-edge array, with a turn-on voltage for emission of about 25 V. Our 
work to date in developing the knife-edge cathodes is presented m the thesis of Bo Lee (Appendix 
C). While we have succeeded in obtaining gated emission Erom the new cathodes, we are still 
struggling with the control of one fabrication process step, which Erequently leaves a shard of gold 
in the crucial control gap, causing shorting of the gate and arc damage to the diode region. This 
remaining problem should be viewed in a context of complete success in achieving excellent proc- 
ess control over all other process steps., each of which in its turn posed a similarly serious obsta- 
cle. We are currently adapting an electroless plating process, developed at IBM, which produces 
the gate metaliition and its gate opening at the knife-edge without the plasma etching step which 
gives the troublesome shard. This is the last step of the process, and we should then be able to 
routinely fabricate successful cathodes. 

We obtained a very early preliminary success in diode emission fiom porous silicon layers: 
1 m m 2  cathodes delivered 20 Ncm2 peak current for a gate modulation voltage of only 10 V. 
After a considerable effort of varying and tuning the manufacturing process parameters., we pro- 
duced field emission from porous silicon in a triode configuration, directly into vacuum, near the 
end of 1992 - to our knowledge the first time this has ever been observed. Since then, new record 
emissivity has been achieved with porous silicon emitters in diode tests (now in vacuum), with a 
current density of 700 Ncm2 at 18.6 V modulation in pulsed mode (1.4 A fiom an area of about 
0.2 mm2). We have developed a triode cathode in which the emission into vacuum is controiled 
by a thin (-50 A thick) gold metalization, in a configuration which accommmodates low charghg 
impedance and small parasitic capacitance. Our work to date in developing the oxidized porous 
silicon (OPS) cathodes is presented in Appendix B (Mr. Smith's thesis). We have succeeded in 
fabricating and testing such cathodes (Figure 1-3). Figure 1-5 shows the firsteer observation of 
modulated direct emission into vacuum from a gated porous silicon triode. 
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The fabrication of both cathode devices has required a steadily growing sophistication in 
process technology. During the past three years, we have commissioned two class 100 clean 
rooms, a lithography system, a magnetron sputtering system, an oxidation fiirnace, a mask aligner, 
two etchers, a wire bonder, a wafer saw, a vacuum test stand, a laser-backscatter end-point detec- 
tor, and a cryogenic evaporatorg. 

For each cathode technology we have succeeded in controlling the geometry, materials, 
and surfaces of devices with a feature sue of -1,000 A. We have built and tested triode proto- 
types of each technology. The current density required for the gigatron cathode has been 
achieved in diode operation, and the cathode gate structure should support a bandwidth up to 30 
GHz. Unfortunately however, neither technology is yet capable of producing robust cathodes. 
Our results to date demonstrate that the goal of 12 GHz emission, 20 Ncm2 current density is 
achievable. The required current density has not yet been achieved in triode prototypes, although 
substantial progress has been made. At the same time, more conventional approaches to high 
power and high efficiency at C band have improved to provide performance close to that required 
for the Next Linear Collider (NLC), although the more ambitious TeV collider designs will re- 
quire gigatron or its equivalent. 

Proposed conciuosion in 1995. 
We propose to continue the present effort through the fist six months of the extended 

program (through July 1995) with the specific objective to build and test a round-beam micro- 
wave-modulated cathode, shown in Figure 1-6. The cathode could either form the precursor to 
fbrther development of microwave power tubes or be used as a stand-alone modulated cathode 
for linacs. We are seeking fiinding fiom other sources to continue cathode development and the 
gigatron thereafter. 

We began the gigatron development in 1988, with an objective to build a prototype power 
tube in three years. Our progress towards this goal has been paced by the first step: fabrication of 
the gated field-emission cathode. Fabricating a submicron cathode structure suitable for micro- 
wave modulation is a very difficult technology. Many groups have striven towards this goal for 
other applications and finally abandoned it as unachievable. We have advanced the state-of-the- 
art in several important respects: we have invented two quite diEerent designs for such a cathode, 
each of which has far better intrinsic @ormame for microwave modulation than any previous 
design; and we have developed fabrication processes by which we have succeeded in building and 
testing actual cathodes of each design. It has taken six years to achieve what we first projected 
would take two years. For some comfort in this regard, we note that the first pioneering steps in 
gated field-emitter cathodes by Spindt took twenty years from concept to practical display de- 
vices. It is a difficult technology. 

At the &e time, we are of course awafe that progress has been continuing in the im- 
provement of conventional approaches to the RF drive requirements of lim; colliders. Improved 
designs for both arrays of conventional klystrons and relativistic klystrons have demonstrated the 
capability to deliver 100 MW power at 12 GHz, the frequency of choice for NLC. We therefore 
are proposing a terminal extension of this task of our DOE grant, aimed at the limited objective of 
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demonstrating microwave modulation of a round-beam gigatron cathode. Such a cathode would 
provide the basis for subsequent development of gigatron and other microwave power devices. It 
would also provide a directly modulated cathode for linacs. 

?+'e are encouraged by our progress, and Frustrated by the time consumed in solving the 
myriad problems in process development and device physics and the remaining challenges facing 
US. We plan to continue development of the gigatron technology for applications to microwave 
power, pulse-modulated cathodes, and flat-panel displays. We will seek fbnding from other 
sources as appropriate. We cannot justify continued finding under the AARD program beyond 
the proposed milestone, in light of the improving pedormance of conventional RF power sources 
for NLC needs. 

Figure 1-1. Isometric view of gigatron concept: gated fieid-emitter cathode; ribbon beam 
geometry; traveling wave coupler. 
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Figure 1-2. SEM image of a knife-edge cathode, showing the knife-edge and substrate, the 
polyimide dielectric, and the gate metalization flanking the emitting edge. 

Figure 1-3. SEM image of a second-generation OPS cathode, showing the emitting surface, 
the current feed line, and the thin gate metalization over the pores. 
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Figure 1-4. Detail of gated field-emitter cathode and resonant input coupler. 
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Figure 1-5. Transfer function for several OPS triodes. This is the first observation of tri- 
ode operation of an OPS field-emission device.’ 
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Figure 1-6. Round-beam gigatron cathode, configured for coaxial %ohm modulation. 

9 



2. 1994 Progress Report 
A. Porous Silicon Cathodes 

In mid-1992, we began investigating the possibility that an electron beam could be ex- 
tracted fiom a porous silicon layer. This work was motivated by a remarkable discovery' by Y.K. 
Yue, then a E.E. graduate student at Te& A&M, that such layers exhibit a copious current when 
configured as a diode, where a surface metahtion forms the anode and the substrate silicon 
forms the cathode. Currents of -100 Ncm2 were achieved, and the I/V characteristic exhibited 
the Fowler-Nordheim dependence characteristic of field emission. The physical origin of the 
emission process was unclear, and indeed is still a subject of debate and experiment. We set out 
to study the dependence of the field-emission perf'omce on the fabrication process used to 
create the porous layer, and to attempt to develop a triode geometry in which the thick anode of a 
diode would be replaced by a thin gate metalktion which could be used to extract the emitted 
electrons into the vacuum. 

Porous Silicon. 
Porous silicon was discovered in the 1950's by Uhlir and Turner" while studying the elec- 

tropolishing of silicon wafers in dilute hydrofluoric acid (HF) solutions. Within a range of process 
parameters, the silicon is anodically etched to form a dense array of pores. The pore diameter can 
be varied over the range 100 A - 5pm, and the pores can be etched to form continuous parallel 
channels through a layer thickness from -1 pm all the way to the entire thickness of a wafer (300 
pm). Figure 2-1 shows an electron micrograph of one particular porous layer" which is pro- 
duced by seeding the etch process, as discussed below. Figure 2-2 shows an'STM micrograph of 
the surface morphology of a porous Iayer. 

Formation of porous silicon is carried out by anodic oxidation in HF as shown in Figure 2- 
3. The silicon wafer is connected to the positive terminal of a power supply so that it serves as 
the anode; a platinum electrode is connected to the negative terminal. The chemical reactions 
have been studied by several researchers'*. In concentrated HF, the silicon is etched at the sur- 
face by the reaction 

where h represents a hole, e an electron, and n<2 is determined by conduction band and valence 
band efficiencies. SiF2 is an unstable substance; it reacts with HF to form silicic acid (H2SiF6) and 
hydrogen gas. 

Si + 2 HF + (2-n) h -+ SiF2 + 2 H' + n e. 

The role of holes is essential in the anodic reaction. In P-type silicon, where the majority 
of carriers are holes, the reaction can be carried out easily. In N-type silicon, however, holes must 
be otherwise introduced in order to carry out the reaction. One way to do this is to illuminate the 
surface: light with h-4.2 pm can produce e-h pairs in silicon. High-intensity illumination can be 
used to produce a large hole density near the surface. Another way to generate holes is to apply 
sufficient voltage to the electrodes to cause avalanche breakdown in the space charge region. 
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During the anodic dissolution, a porous layer is formed on the surface of the wafer. A 
model of this process was developed by M e h g  and S~hwandt'~ and later by Unagm~i'~ : 

the Si surface is covered with Fions; 
0 when an electric field is applied across the Si-electrolyte interface, holes move towards the 

surface; 
as holes reach the su~ace, they are trapped on the Si-Si bonds, weakening them; 

0 Si-F groups form at the surface, and dissolve into the liquid; 
0 F ions occupy the holes and release the charge; 
0 an insoluble Surface porous film forms from the deposition of elementary Si during the initial 

anodization; 
the dopants are leached from the side walls so that the anodic reactions can occur only at the 
base of the pores. 

A wide variety of pore sizes, geometries, and electrical properties can be achieved by 
varying the critical process parameters: dopant type and densityy exposed crystalline plane, current 
density of anodization, and electrolyte chemistry. As two examples, Figure 2-1 shows an SEM 
image'* of porous silicon with -1 pm pore size, 100 p depth, and extremely regular pore con- 
figuration; Figure 2-2 and Figure 2-3 show the surface of a porous layer with pore size -100 & 
depth -1 pin, and complex interconnected configuration. The former layer exhibits little field 
emissivity, while the latter is the most copious field-emission diode ever tested (700 A/cmz at 10 
V). The microphysics of the emission process is still the subject of conjecture and experiment. 

In the past two ye&, we have overcome several major milestones in the maturation of this 
technology. Eight months after beginning our work on oxidized porous silicon field-emitting de- 
vices (OPSFEDs), we developed the world's first successful process for Wricating gated field 
emission triodes from oxidized porous silicon. The results from thm devices were extremely en- 
couraging, and warranted fbrther study of the technology. The greatest problem for gigatron 
performance has been the extremely large gate current which accompanieS the emission into vac- 
uum - typically 1,OOO times greater than the emission current! 

In the past year, we have successfully overcome one hurdle after another to develop a 
second-generation gated field emission cathode, more suited to the required frequency modulation 
and power gain. At the time of this writing, the very &st of the second-generation devices have 
been tested. One of these has achieved an emission current equal to the gate current - a dramatic 
improvement which moves us closer to pedormance which would be suitable for microwave 
modulation experiments. Such experiments were the objective of this year's program; we are -6 
months behind OUT schedule in achieving this milestone with the porous silicon cathode. 

In the next year, we plan to execute a carem optimization of the technologies involved in 
device fabrication. During the balance of 1994, we plan to concentrate our development on the 
reduction of the gate current which accompanies collector current. The ratio a varies dramati- 
cally fiom sample to sample as we vary the process parameters with which we ikbncate the po- 
rous layer and its gate metalization. It is critical to understand the origin of the intemption and 
of the dependence on fabrication and geometry if we are to achieve usefiri microwave modulation. 

I 11 



Figure 21, SEM image of a deep porous layer, in which pore etch was initiated by cone 
seeds and illumination; from Ref. 11, 
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Figure 2-2. STM image of the surface of an OPS triode, showing the thin gold metalization 
and the irregular pore apertures: top view. 
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Figure 2-3. STM image of the surface of an OPS triode: angle view. 
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Figure 2-4. Diagram of the anodization process for porous silicon fabrication. 
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1993 Achievement: True Gated Field Emission 
Since the development of the OPSFED by W. K. Yue’ in 1989, no method for achieving 

stable three-terminal operation of a porous silicon field emission device had been successhl. A 
vacuum diode configuration fabricated in 1990 by V. Madduri managed to produce up to 19 PA 
of current across a 2 pm vacuum gap. Nearly 100 V was required to produce this current, how- 
ever. Using a true gated triode, we were able to produce 40 times the emission current across 
1000 times the gap with only one-fifth the appiied bias. 

A major challenge this year was to achieve gate modulation at the porous silicon surface 
without obscuring the tiny (-100 A diameter) pore apertures. For this purpose we adapted a 
cryo-evaporation process developed by Jaklevic” at Ford Motor Research. If gold is evaporated 
onto a substrate at room temperature, up to a layer thickness of -500 A the gold is bighly mobile 
on the d a c e  and tends to a pattern of isolated clusters rather than a uniform film as the lowest 
energy configuration. In order to produce a uniform ftfm for thinner layers, it is necessary to re- 
duce the temperature so that the configuration mobility (-e4*) is reduced. Once a d o r m  layer 
has been deposited, the film is stable and will persist after the device is warmed to room tempera- 
ture. One of the major achievements of the TAMU group for 1993-1994 was the successful 
commissioning of an ultrahigh vacuum 0 crywaporator, enabling us to apply ultrathin con- 
ductive gold layers onto our OPSFED samples. 

First-generation triode tests. 
The majority of the 1992-1993 research was conducted with <lOo>-oriented p-type sub- 

strates with resistivity of .OOl-.Oo3 Sz-cm. For comparison, some < 1 1 P  substrates with resistiv- 
ity of .005-.011 R-cm were also studied. N-type <loo> substrates with a resistivity of .001 Q-cm 
-were also studied at the outset of the research. Inconclusive results were obtained for these sam- 
ples, and more work on n-type substrates is planned. 

Anodiition current density was varied in the range 10-130 mA/cm2. Most of the samples 
were anodized for 10 seconds, but a few were anodized for 5 seconds to measure the effect on 
cathode emission of shorter anodization time. The anodization-electrolyte was 3 parts 48% aq. 
HF to 1 part absolute ethanol. The majority of the samples were oxidized in ambient dry O2 at 
850°C for 45 minutes. Several of the samples were oxidized for 1 hour. Over eighty samples in 
all were made and tested. They were shadow-coated with 2000 A of aluminum to form 
OPSFED’s. The transfer finction of the devices was measured With a Tektronix Type 575 curve 
tracer. Scope traces of the transfer functions were taken, and this 1-V data was used to d u a t e  
the relative performance of the devices. Fowler-Nordheh behavior was seen in over 65% of the 
samples fabricated. 

Normally a set of 12 devices are tested from each sample wafer. The first four ate de- 
structively tested to determine their.maximum output current and to get an idea of the operating 
voltage of the set. For the rest of the devices, the voltage is measured at several hission current 
levels within the operating limits of the set. It is seen that the operation of the devices is uniform 
within the set. Operating voltage of the devices ranged fiom a few volts to in excess of 180 V. 
Fowler-Nordheim emission current was measured from .1 mA to well in excess of 200 mA. 
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Transconductance of the devices varied widely, and the exact parameters that control the 
transconductance are not yet perfectly understood. High transconductance is a priority for mi- 
crowave modulation. We began experimenting with the HF concentration and the resistivity in 
1994. The most ideal diode behavior in an OPS device to date was discovered in early June 1994. 
Figure 1-5 shows the Fowler-Nordheim plot of the device. 

It was hypothesized that the ultrathin gate layer would enable us to apply an electric field 
to the porous layer, sufficient to produce' and modulate field emission, without intercepting the 
current at the surface, so that the device would hnction as a cathode to control emission directly 
into vacuum. This hypothesis was proved to be valid. The utilition of the gate layer resulted in 
a triode which produced .8 mA of vacuum emission current across a 3 mm vacuum gap. Only 20 
V of gate bias was required to produce the emission, as shown in the Fowler-Nordheim plots 
shown in Figure 2-5. The deviation from a characteristic Fowler-Nordheh is roughly what one 
expects &om the space-charge potential of the gate current in the pores. 200 V of collector volt- 
age was suffiGient to saturate the plate characteristic (Figure 2-6). 

The geometry used to produce the proof-of-principle OPS triodes was very simple and 
had a large parasitic capacitance. Therefore the modulation frequency of the devices was limited. 
Nevertheless, 5 MHz modulation was readily achieved. Oscilloscope traces of these results are 
presented in Figure 2-7. 
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Figure 2-6. Plate characteristic of the above OPS triodes. 
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Lessons from the First OPS Triocdes: Basis for the Stage I1 Design 
The encouraging results fkom the first-generation OPS triodes were accompanied by 

some results indicating the necessity of hrther development of the technology. The construc- 
tion of the first devices, as mentioned above, had a very simple geometry, in which the porous 
layer was surrounded by native silicon with a thin oxide layer on its surface. Figure 2-8 is a 
cross-section schematic of the fabrication process of the proof-of-principle triodes. Figure 2-9 
shows the mounting scheme for the devices. In order to make contact with the thin gold gate, it 
was necessary to apply a patch of conductive epoxy over an area of the actual cathode. This im- 
posed an intrinsic gate interception, and made the effective emitting area somewhat problematic 
to characterize. As shown in Figure 1-5 and Figure 2-10, there was a lo00 to 1 ratio in gate 
current to emission current. In addition, the planar region surrounding the gated region pre- 
sented a large parasitic capacitance (-100 pF) which compromised &orb to achieve microwave 
modulation. 

The lack of a well-defined emission area resulted in the loss of a firm number for the 
actual transmitted emission current density, but the use of the particuiar gate connection method 
allowed the measurement of emission current density produced within the OPS matrix. In ex- 
cess of 700 Ncm2 was measured on a .5 mm gate connection at 1% duty cycle. We estimate a 
transmitted emission current density into vacuum of 10 A/cm2. 

18 



. .  3. lvwdhtl on 

4. Mwnt/Test Q 
r - 

Figure 24.  Fabrication process for first-generation OPS triodes. 
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Figure 2-9. Mounting procedure for first-generation OPSFED cathodes. A tubuiar collec- 
tor was located -3 mm from the cathode to complete the test circuit. 
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Process Development for Stage il Cathodes 
In order to improve the frequency response of the second-stage OPS cathode, Smith de- 

veloped the process outlined in Figure 2-12. The so-called "Stage I1 cathodes" have a parasitic 
capacitance of less than 20 pF, and allow operation to higher Frequency than the first stage de- 
vices. In addition, flanking l pm-thick feed lines should provide a well-defined emission area, 
all-metal construction, and uniform biasing of the ultrathin gate layer (this last point has proved 
to be somewhat problematic in practice, as discussed below). During the first half of this year, 
all steps of the Stage I1 cathode fabrication process have been successfblly completed in our 
clean room facility: 

0 

e 

e' 

Anisotropic etching, also called orientation dependent etching (ODE) is used on <loo>- 
oriented substrates to foim a series of "mesa" structures. This process has been perfected 
by the group in the development of the knife-edge cathode structures. Polyimide (PI) spin- 
on polymer dielectric is then applied, soft baked, and cured. 

A computer-controlled PI curing oven was built and commissioned during early 1994. It 
enables us to maintain tight control on the PI curing cycle, giving excellent reproducibility, 
high film density, strong adhesion, and no cracking. 

The cured PI is etched in a Tegal 211 barrel plasma etcher until the s i con  mesas are ex- 
posed. This step was a key improvement in the Stage II process, and has been perfected. . 
After PI etchback, an MRC Sputtersphere is used to apply an adhesion layer of tita- 
niudtungsten and a 1 pm gold film PO the entire surface. An image-reversal process is then 
used to remove the gold film and its adhesion layer from the OPS mesas which will be the 
active area of the cathode. Perfection of this process was a second major process achieve- 
ment during the past 6 months. Figure 1-3 shows a Stage II cathode after this process step. 

The exposed silicon mesas are then anodized, usiig the gold feed lines and PI 8s etch mask. 
The gold feed lines are formed between the mesas, and the PI greatly reduces the parasitic 
gatelsubstrate capacitance in the finished device. - The gold and PI form an HF-resistant 
mask for patterning of the porous silicon (PS). 

The anodization process is used to produce a porous layer -1 pm thick on the mesas. The 
a n d i t i o n  of anisotropically etched features provides a higher effective anodization current 
density than that for anodization of planar surfaces. A tow-temperature oxidation cycle is 
then used to convert the PS to OPS. The PI curing oven is used for this purpose. 

The gate layer is deposited in the final process step, using our cryogenic evaporator system. 
By evaporating a i2m of gold onto a substrate at 77 O& Jaklevic showed that a uniform 
layer can be achieved even with film thickness of -50 k 
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Figure 2-12. procesS outline for second-generation OPS cathodes. 
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Preliminary ResiiItsjhrn Stage N Emitters 
Figure 2-13 shows a cross-section SEM of a completed second-generation OPS cathode. 

At the time of this writing, the first devices resulting from the Stage I1 process have been tested. 
Vacuum triode emission has been obtained. Emission fiom the first batch of devices was unsta- 
ble, as with the first generation devices. The devices could not be conditioned to sustain emission 
at low gate voltage. The triode characteristic exhibited the same 1000: 1 ratio of gate to collector 
current, which would be useless for microwave devices. Figure 2-14 shows a micrograph of a 
cathode following attempts at conditioning. The regions immediately flanking the feed line have 
burned along each side: we are producing a &tal level of local Joule heating. We interpret this 
heating as beiig due to the large gate current producing a voltage drop on the thin gate metaliza- 
tion, so that only the region immediately adjacent to the feed line receives the firll gate voltage. 
Unless we can find and remove the origin of the large gate current, the OPS cathode will not 
provide a u d  cathode technology. 

A second batch of devices produced one sample which exhibited a 1: 1 current ratio: 
the gate current was IO00 times smaller than before, with roughly tbe same collector cur- 
rent. 

The relation of OPS emission to process fabrication 
Field emission from porous silicon films has been observed over a wide range of porous 

silicon formation conditions. An initial parametric search conducted by Smith was targeted at re- 
lating device performance to the anodization current. Tum-on voltage of the devices was ob- 
served to increase with increasing anodization current density. Shorter modintion times resulted 
in lower t u m n  voltages for the devices. <1 I P-oriented substrates were seen to give lower 
tum-on voltages and higher emission currents than comparable <1OO>-oriented substrates. 4 11> 
substrates are not well-suited for anisotropic etching of capacitance-reducing structures, so 
therefore more consideration was given to 400> substrates. 

The results of parametric morphology studies fiom the literature show that the pore depth 
is linearly related to the anodization time, and that larger anodization current density results in 
larger pore diameter'6. The results of these morphology studies c o m b i i  with the results of 
Smith's electrical characterization studies give a fkstsrder picture of the emission mechanism. 

- 

The electric field in the porous matrix is parallel to the pore walls in the body of the ma- 
trix. This field is distorted and enhanced in the neighborhood of the pore tip. The shallower OPS 
layers start with a stronger electric field, and thus require less voltage to initiate emission. Layers 
with larger pores have less electric field enhancement in the pore tip region, and thus require 
larger voltages for emission. 

The small pore sue associated with degenerately doped silicon (on the order of 10 nm) 
makes detailed study of the porous morphology exceedingly difficult. The actual forination 
mechanism of PS in p-type silicon is still poorfy understood. The morphology change associated 
with the oxidation process has not been extensively studied, and greatly impacts the final OPS 
morphology. The role of pore branching and the effect of crystal orientation on emission are fur- 
ther considerations for a fidl understanding of this phenomenon. 

23 



Oplimizaliorr of the gate trcnlsmissioii. 
Stimulated by this latest result, we are now proceeding to a systematic study of gate in- 

terception and its link to the fabrication process. Good transmission requires that the morphoi- 
ogy of the OPS layer be matched to the gate layer. The second-generation OPS field-emission 
cathode should enable us to achieve such a match. It provides a well-defined emission area, 
fiom which emission current density can be precisely measured. Good separation of the feed 
line areas ensures that d gate current in the device is due to a mismatch of pore size and film 
thickness or to intrinsic features of the electron transport in the pores. For transmission, the 
most crucial steps in the process are those in which the flanking gold feed lines are formed and 
the thin gold is deposited over both the porous layer and the feed lies. Our work to date sug- 
gests that the contact between feed line and thin gold is intermittent, and may be the cause of 
both the poor gate transmission and the local heating. We are currently trying several modifica- 
tions to the process aimed at extending the thick gold feed line slightly onto the porous region 
to provide a more robust junction between the two metaliitions. 

One such modification would utilize the etch seed process of k h m a d .  A pattern of dots 
is defined lithographically OR the wafer sufiace, on a pitch of -pm. The dots are used as a resist 
mask for an intial ODE etch process, which produces conical depressions in the wafer surface. 
The electric field in the Si concentrates at these sites, so that the etch process proceeds preferen- 
tially there and produces a pattern of extremely straight pores. This process has been used by 
Lehmann to produce highly regular arrays of large-size (-1 pm) pores (Figure 2-1). We plan to 
measure emission from smaller-sue pores made using the same procedure for regularization. The 
removal of brachiation should reduce the gate interception problem. 

86482 1 5 K U  1 0 P m  t 
Figure 2-13. SEM cross-section of a completed second-generation knife-edge cathode. 
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Figure 2-14. SEM image of the OPS region surrounding the feed line on a second- 
generation cathode after testing. 
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B. Knife-Edge Cathodes 

For the past 35 years, a number of  investigator^^^" have developed several approaches to 
the fabrication of sub-micron field-emitting tips and associated gate structures as the basis’for 
vacuum microelectronics. The motivation is simply stated: if the size of an emitting cathode could 
be reduced to submicron scale, and if a gate electrode could be configured above the cathode with 
a comparable spacing, then a few volts of modulation would suffice to control field emission. 
Since the transit time from cathode to anode also scales with the gate spacing, such devices 
should exhibit large bandwidth. Appendix C (Dr. Lee’s Ph.D. thesis) presents a detailed history 
of the development of these devices and the process technology employed. 

The most success~l approach to fidd-emitter cathode Mrication has been that of C.A 
Spindt6, who uses a sequence of etch and directional evaporation steps to grow a conical tip in- 
side a aperture in a gate metalkation. Figure 2-15 shows an SEM micrograph of his tip ar- 
rays. The tips exhibit uniform size and geometry, and large arrays have been operated with long 
lifetime at currents of up to 1000 Ncm2. 

Importance of gaie&ase geometry for micruwave m&Iation. 
For tip arrays made using Spindt’s technique, the gate aperture and the spacing of the gate 

to the tip have a natural scale which is tied to the thickness of the dielectric layer beneath the gate: 
for a dielectric layer of 1.5 pm, necessary for adequate dielectric strength, the gate opening is 
comparable. This limits the field concentration which can be created at the tip, while producing a 
large parasitic capacitance between the gate layer and the substrate. These features of tip arrays 
k e  of little consequence for the display applications for which they were first developed, but pre- 
sent a major limitation for microwave power applications. 

Figure 2-16 shows the key features of the tip geometry and of our knife-edge geometry 
which govern microwave modulation (see Appendix A). The figure of merit for high-frequency 
modulation is the ratio of the emitted current to the drive current required to produce the neces- 
sary voltage modulation: 

The electric field at the tip and the gate capacitance are 

E#-- V g / r ,  c = &P2/S  

where r - 0.5 pm is the radius of the tip, s is the gatelsubstrate spacing, and p is the distance be- 
tween tips in the array. Since r 4 3  and p-5r are practical limits for the Spindt Wrication ap- 
proach, the “gain” depends upon tip radius as 



We have devised a means to fabricate knife-edge arrays in which the knife-edge is flanked by a 
gate metalization with a control gap g - 0.2 c~n, a knife-edge radius r - 200 4 and a gate/base 
spacing s - 8 p. The analogous dependence of “gain” on these parameters is roughly 

The enhancement in microwave gain should be a factor of --lo3. A more detailed presentation of 
this analysis is contained in Appendix C; this summary demonstrates our motivation in developing 
the knife-edge cathode with small gatekdge control gap and large gatehase spacing. 

The fhbrication of such a device presents a major challenge. Were we to try to use lithog- 
raphy and etching directly to create the gatelbase geometry, it would require submicron lithogra- 
phy at the h i t  of what is achievable in the best chip-industry equipment. Dr. Lee devised a 
clever alternative, described below, which achieves this geometry in a controlled, reproducible 
process, using the relatively old fabrication equipment which we have been able to assemble in our 
laboratory. UE-rc 
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Figure 2-15. An array of gated field-emitting tips, fabricated by C.A. Spindt (Ref. 6). 
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Figure 2-16. The key features of device geometry for a Spindt tip array and a knife-edge 
amy*. 

fiife-edge cathode fabrication process. 

of the thin film process techniques is described in detail in Appendix C, chapters V and VI. 
Figure shows our fabrication process for producing an optimum emitter structure. Each 

1) Pattern the Si02 mask on a (110) silicon wafzr using standard photolithography technique. 
The mask pattern has groups of parallel lines with identical line width. The lines are accurately 
aligned with one of the two (1 1 1) planes that are perpendicular to the waf'er surface . 

2) Use an ODE process" to etch out a perpendicular wall structure (-8 pm high) on the wafer. 
Each wall corresponds to a Si02 mask he. The wall typically has an aspect ratio -600: 1 if the 
resist fines are accurately aligned along the (1 1 1) crystalline direction. (Figure 2-18) 

3) Apply a Dash-type etch" to convert the walls to knife-edges. A -6' slope can be formed, 
sharpening the rectangular prism to a knife-edge at the top. (Figure 2-19) 

4) Further sharpen the edges by a low temperature oxidation processm. The thickness of the 
oxide is in a range of 0.1-0.2 pm. (Figure 2-20) 

5 )  Apply a layer of polyimide (PI) coating2'. The thickness of the PI layer (-10 pm) should be 
greater than the height of the knife-edges so that the surface is planarized. (Figure 2-21) 

6) Etch back the PI layer to expose the wedges. A plasma etch is needed for this process. We 
had to develop a laser diagnostic method (Figure 2-22), in order to accurately signal the mo- 
ment when the knife-edge is first exposed above the PI sun8ce; we can then precisely control 
the final height of the silicon knife-edge above the gate metalization. 
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7) Deposit the gate metal layer (Au). We have used magnetron sputtering and a Ti:W adhesion 
layer to produce a uniform .5 pm gold metaliition with excellent adhesion to the PI surface. 
(Figure 2-23) 

8) Apply spin-on photoresist, and etch back to expose the raised mounds in the metalization over 
the knife-edges.(Figure 2-24) 

9) Wet-etch the exposed metalization so that the top of the Si02 wedge is exposed. 
10)A buffered HF solution is used to remove the Si02 fiom the top and sides of the knife-edge, 

exposing the tinished Si knife-edge. The gap separating the knife-edge from the gate metdi- 
zation has been controlled by the thickness of the thermally difhsed Si02 layer, which can be 
controlled with extreme precision to any desired value in the range 0.05-2 pm. (Figure 2-25) 

The process outlined above has the following features: 

The process is self aligned. Only one lithography step is needed to produce the emitter and the 
gate. The finished structure has the emitter edge sitting right at the center of the gate gap. 
The oxidation process (step 4) serves dual purposes: It sharpens the emitter edge, and it de- 
fines the gate-to-emitter spacing. Silicon thermal oxidation can be very uniform and well 
controtled. This makes it possible to obtain a gate-to-emitter spacing anywhere around 0.1 
Clm. 

0 The size of the gate opening is independent to the emitter height. The process builds the 
emitter body before it makes the gate layer, and the gate metahtion ir: separated fiom the 
&on edge only by the thickness of the Si02 layer no matter how high the ernitter is. 
The positions of the gate layers with respect to the emitter edges are adjustable. This is done 
by varying the emitter angle 8, the oxidation thickness, and the depth of PI etchback. In fact, 
geometrk parameters like h, g, 8, s, and t are all adjustable in the process. 

29 



Silicon t 

Metal (e) 

Figure 2-17. Fabrication process for knife-edge cathode arrays. 
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Figure 2-18. Rectangular prisms etched on 110 silicon using ODE. 

Figure 2-19. Wedges formed by Dash etching the rectangular prisms. 
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Figure 2-22. Laser back-scattering diagnostic for end-point detection to etch PI layer until 
wedges are exposed. 

. Figure 2-23. Gold metalhation on PI surface. 
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Figure 2-24. Etched metalhation exposing Si02 wedges. 

.. i 

Figure 2-25. Final geometry, where Si02 has been etched back to expose knife-edge and 
gate. 
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C a t h d  tests. 
We patterned 2” lithography masks to fabricate 16 1 mm2 cathode arrays, distributed over 

the wafer suflace. Each array contains two 15-line groups of 400 pn-long knife-edges and wire- 
bond pads for connection to gate and substrate. Mer  fabrication, we diced the cathodes and 
mounted test specimens on a TO-5 header just as we did for the OPS cathodes. We then installed 

. them in our test chamber and performed conditioning and emission experiments. 

Figure 2-26 shows the emission characteristic measured on two cathodes from the same 
batch. Figure 2-27 shows a Fowler-Nordheim plot of the same data. In his thesis (Appendix C) 
Lee calculates the emission current from a line density of 100 emitting sitedpm on a knife-edge of 
our geometry, assuming a work-function of 4.35 eV typical of silicon. The curves in Figure 2-26 
show excellent agreement with the measured emission from each cathode. That is the good news. 

The bad news is that the cathodes would typically develop shorts after a relatively brief 
period of operation (fiequently only minutes), and arc over gate-+knife-edge, destroying portions 
of the gold surface in the process. Figure 2-28 shows a cathode surface after such an arc. We 
found that the arcs were caused by a sub-microscopic ribbon of gold which commonly remained 
loosely attached at the bottom of a V-trench between the PI and the Si knife-edge. Figure 2-29 
shows one such ribbon. The ribbons form because the PI etch forms a shallow V-groove at the 
PI-Si02 interface. The ribbons are only loosely attached, and wave around much like an elec.- 
trometer when voltage is applied to the cathode. 

. After much painstaking investigation, it appears that the V-grooves are an unavoidable 
result of the-plasma etch of the PI. Unless we can find an alternative process step which will 
eliminate the gold ribbons, it is unlikely we can make usefbl cathodes. 

Process improvements to eliminute arc-over. 
Happily, we have identified such a process and tried it succeddly on a first batch of 

cathodes. Viehbeck (IBM) has perfected a techniqueu in which he implants a PI surface to pro- 
duce electrochemical bond precursors for metal bonds, and then perfoms electroleii plating of 
Cu directly on the PI s u h c e .  The Cu swface is uniform, has small grain size, and is suitable for 
subsequently depositing either Au or Cr, either by sputtering or electroplating. Best of all, the Cu 
does not plate onto SI&, so that only the gate metaliition is formed: no metal is deposited on 
the region where we currently have to etch it away. 

Dr. Viehbeck’s group has prepared a batch of our cathodes, in which they performed the 
above steps after we had completed the initial geometry of the knife-edge and PI. Figure 2-30 
shows the result. The metaliition is uniform and dense; there is no metal on the knife-edge; 
there is no V-groove in the PI, and no ribbon of metal adjacent to the knife-e‘e. The surfkce 
exhibits some micro-debris, which is an a c t  of the IBM process environment and can be elimi- 
nated by conducting the fkbncation in a clean-room environment. 

We are currently setting up to test cathodes made ushg this technique. We have high 
hopes that it will prove to solve the shorting problem, so that we can begin to charact& the 
cathode performance. 
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Figure 2-26. Triode emission characteristic of knife-edge cathodes. 
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Figure 2-27. Fowler-Nordheim plot of knife-edge cathode response. 

36 



Figure 2-S. SEM image of a cathode surface after testing. 
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Figure 2-29. SEM image of a gold ribbon, formed in a V-groove at the knife-edge/PI 
boundary. 
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Figure 2-30. SEM images of Cu-plated knife-edge cathode. 
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3. Proposed 1995 Scope of Work 

We propose to continue three activities in our cathode development through the first half 
of 1995: fabrication of knife-edge cathodes using electroless plating to eliminate the gold-shard 
problem; tuning of the OPS fabrication process to minimize gate interception; and construction of 
a round-beam cathode assembly as a stand-alone unit for 3 Ghz emission studies. 

The IBM group is applying electroless plated metabations to ten wders on which we 
have carried through the cathode fhbrication through step 6 above. The wafers have a sequence 
of relative heights of the knife-edge above the polyimide and of oxide thickness (gate gaps). We 
will select cathode arrays tiom each wder, and prepare them for testing. We will seek to identi@ 
the o p t h  geometry for each of the above variables, and test the emission properties. We have 
demonstrated that the electroless process eliminates the metal shard which results when we etch a 
sputtered metaIizatoq we hope to demonstrate stability against the breakdown which the shard 
produced on the sputtered samples. 

We will tune the pore size and the pore geometry (straight vs. brachiated pores) in the 
Stage II OPS cathodes, and measure the emissiviG and gate interception. We have recently 
compieted a mask set which makes it possible for us to seed the pore formation on a regular pat- 
tern of sites by lithographically defining and etching 9 pattern of conical depressions in the Si sur- 
fkce, as discussed above. This process has been used by Lehmann" to produce such regufar ar- 
rays of large-size (-1 pm) pores (Figure 2-1). We plan to measure emission from smaller-size 
pores made using the same procedure for regularization. The removal of brachiation should re- 
duce the gate interception problem. We are also studying the one cathode which operated with- 
out large gate interception to try to understand what differences in its morphology could explain 
the improved performance. 

With the fruits of one or both of the above efforts, we plan to construct a cathode assem- 
bly suitable for mounting in a gun configuration. Figure 1-6 shows a cathode mount which brings 
the microwave modulation input in through a coaxial stem which is matched to present a 50 f2 
load. A d.c. bias would be provided using an external d.c. block, so that the rf amplitude would 
turn emission on and off &om an appropriate d.c. otht .  The cathode assembly is designed to 
mount in our vacuum test stand. The rf drive, water-cooled collector, and microwave stem 
structure are on hand. 

The cathode structure will be built in a fashion which makes it appropriate fix mounting 
onto a diode for a test power tube, or as a free-standing modulated cathode for a linac injector. 
After initial tests at Texas A&M, we would plan to take it to Mission Research, who have devel- 
oped a time-slice diagnostic capable of measuring beam emittance parameters as a function of 
time during an rf waveform. 
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4. High-Field Superconducting Magnets 
As we strive to extend the high-field frontier for superconducting dipoles and quad- 

rupoles, we must develop viable alternatives for two of the most fiindamental ingredients of su- 
perconducting accelerator magnets that have served us so well for the past two decades: the NbTi 
superconductor and the cos 8 coil geometry. NbTi has no usefbl current-canying capacity be- 
yond -10 Tesla. The only alternative today for pressing to higher field is Nb&, which extends j, 
performance to -18 Tesla. During the past decade the technology for producing high-j, cable 
tiom NbSn has matured well, thanks to the programs at Brookhaven, Twente', Ansaldo, and 
LBL" . We are only beginnin& however, to master the techniques of winding, curin& impregnat- 
ing, and collaring such coils for collider dipoles. To that end LBL is currently fabricating D-20, a 
prototype 13 Tesla cos 0 dipole using two inner shells of m S n  cable and two outer shells of 
NbTi cable. Figure 4-1 shows the cross-section of D-20. Figure 4-2 shows a coil subassembly 
being prepared for readon bake. D-20 is currently being built and will be completed this Winter 
and tested during Spring 1995. 

The design and development of D-20 has already taught us a valuable lesson about the 
second major challenge: 13 Tesla is likely the limit for dipoles usiig the cos 8 coil geometry 
which has been the basis for a l l  collider magnets used to date. In order to grade the conductor 
with decreasing field in the coil region, a multi-shell coil is used. The eagile strands of Nb& 
cannot accommodate keystoning to conform to the cylindrical geometry of the cos 8 design. The 
coil placement of D-20 has been adapted to achieve the necessary current distribution using rec- 
tangular cross-section cable, but a total offour shells are required. While this approach should 

-work for the 13 Tesla design field of D-20, extending the design to higher field would entail yet 
more shells, creating a coil package which is difficult to build, react, support, and maintain con- 
ductor tolerances. Pushing field strength to the limits of m S n  conductor will require that we 
develop an alternative coil geometryy which can achieve a greater effective packing h d o n  of 
conductor near the beam tube, produce the required field quality for collider operation, and be 
realistically manufactured. Happily a parallel set of developments at Texas A&M and LBL are 
converging on two concepts which have this potential. 

Two years ago we invented the pipe magnet, a wholly new approach to high-field dipole 
design*'. Figure 4-3 shows a 13 Tesla design for the pipe magnet. The magnetic flux is guided 
by a coil distribution along the entire magnetic flux circuit, rather than by a coil clustered closely 
to each beam tube in conventional cos 8 designs. This approach conveys two important benefits: 
no stress concentrations (better mechanical support), and no persistentarrent muhipoles (fields 
do not fiinge through the coil package). The invention of the pipe dipole resulted from our de- 
velopment of new calculation techniques for optimizing the design of structured in which 
the coil shape and current elements are optunized to produce the best possible field quality subject 
to defined constraints on the coil boundaries and steel placement. 

Following analysis of the pipe concept and the lessons from building D-20, the LBL and 
TAMU groups are beginning the joint development of several magnets which incoprate the de- 
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sign and fabrication innovations at both collaborating institutions. The TAMU program will focus 
upon primarily on the dipoles; the LBL program will focus primarily on the quadrupoles. 

Magnet desIps. 
Figure 4-4 shows a 16 Tesla block-coil dual dipole, which utilizes a block coil configu- 

ration and m S n  Rutherford cable. Ali coil elements are would as simple racetrack coils, with a 
novel provision for end winding which simplifies fabrication and provides improved end support. 
The block-coil design has the best magnetic efficiency of any high-field magnet, and provides for 
simple assembly and uniform coil prestress. The calculated fields exhibit multipoles which are less 
than one unit ( IO4 cm”) over a continuous 20: 1 range of magnetic field. The calculated persis- 
tent-current sextupole hysteresis is 10 times smaller than in any cos 8 dipole. 

In the pipe dipole, the confinement of flux within the coil envelope uniquely makes it 
possible to use an inner coil element of tape conductor without the usual problems of AC losses 
and persistent-cuvent multipoles due to penetration of fields through the face of the tape. The 
ability to use tape conductor would open two long-term possibilities for pushing still fiuther the 
high-field envelope: Nb3Sn tape has twice the critical current density j, of &le conductor, and is 
amenable to using ternary components to enhance high-field j,; BSCCO tapes are now being fab- 
ricated in significant lengths with j, - 250 A/m2 and critical field above 30 T. 

We have also applied the block-coil approach to design a 330 T/m quadrupole suitable 
for the low-p insertions at CERN’s LHC. The design of the high-field quadrupoles for the inter- 
section’regions of LHC is a challenging task. A gradient of 250 T/m is required, with a 7 cm ap- 
erture. The block coil quadrupole would provide 30% greater gradient, operating at 4.2 OK. 

Fabrication innovations. 
The ends of a superconducting magnet have always been the hardest probleq for design 

and fabrication and the most likely site for failure in operation. The coil elements for the above 
magnets are configured as rectangular coil packages, resulting in a considerable simplification of 
tooling, winding, assembly, and quality control. The ends of those coil dements which flank the 
beam tube must be bent out-of-plane to accommodate the beam tube, however. We have devised 
and demonstrated a procedure by which these coils can be wound as flat coils and then bent out- 
of-plane at the ends after winding, using a process which is used in industry for large motor coils. 

All of these magnets feature realistic prestress strategy, copper stabiiization suitable for 
realistic quench protection, and a design field distribution which maintains colliderqdty uni- 
formity over a 20: 1 dynamic range. 

The insulation system for Nb3Sn magnets is another challenge for high-energy colliders, 
because the requirement of epoxy impregnation after winding severely limits heat transport in the 
coil package. We have devised an alternative insulation system, consisting of a-resin-ceramic- 
glass Mer. The filler is impregnated between the strands of the Nb3Sn cable and E-glass cloth 
sock over each cable and soft-cured before coil winding. This system serves four important b e -  
tions to provide stability to the fiagile cable elements. The resin complex stabilizes the cable to 
prevent decabling during winding. The resin burns out and the glass component vitrifies during 
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the reaction bake of the N b S n  coil to form a strong, inelastic matrix. The matrix supports the 
strands and prevents stress concentrations within the cable, fuses the E-glass tape to the cable, 
and electrically insulates each strand's surface. The ceramic component has a large heat capacity 
at 4.2 OK, contributing substantial stability against microquenches, and mechanically reinforces 
the glass after vitrification. The glasdceramic mix does not fill the space between cable elements, 
but instead leaves an open porosity within the coil package for liquid helium to bathe the coil 
throughout similarly to B-stage for NbTi coils. These properties should provide an ideal basis for 
achieving mechanical support, electrical insulation, and thermal conduction within a NbSn coil. 

We propose a multi-year RgrD program, aimed to develop and test magnets of the above 
designs. The program couples calculations and simulations of the designs, development of core 
fabrication technologies, and construction and testing of short model magnets. We plan to build 
and test two model magnets per year during the first three years. 
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Figure4-1. Overall cross-section and detail of coil configuration for the D-20 Nb3Sn dipole. 

Figure4-2. Completed D-20 coil subassembly prior to reaction bake. 
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Figure 4-3, 13 Tesla pipe dipole, showing the coils the cores, and the prestress collar. 

Figure 4-4. 16 Tesla block-coil dual dipole, showing the rectangular coil structure, the iron 
housing, and the stainless steel inserts. 
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Introduction 

The cost and performance of a hadron collider are largely determined by the field strength 
and field quality of its superconducting magnets. The dipole strength determines the circumfer- 
ence of the conider for a given beam energy; the dipole field quality determines the sustainable 
luminosity and the complexity of correction elements required in the collider lattice. The termina- 
tion of the Superconducting Super Collider has dramatically demonstrated the need for ever- 
better technology to minimize the cost and maximize the performance of new high energy re- 
search faciiities. Better magnet technology is required if we are ever to return to the challenge of 
an ultimate-energy hadron collider with more realistic cost and higher pedormance. 

Conventional Superconducting Dipole Technology. 
All conventional superconducting dipole magnets share a common design philosophy: the 

magnetic field in the beam tube is produced by a cluster of coil elements which surround the tube 
closelx the return flux circulates symmetrically around this cylindrical coil cluster and is guided in 
its circuit by a magnetic steel yoke far removed fiom the central bore. The field quality and mag- 
net efficiency (ampere turns per Tesla) are determined by the configuration of the coil cluster. 
This philosophy can produce excellent results for field strengths up to -10 Tesla. Figwe 4-5 illus- 
trates a successll 6.5 Tesla magnet - the cos 0 dipole for SSCt7. The fiontier of conventional 
technology using NbTi superconductor is the 2-in-1 magnet for LHCa - a partially flux-linked 
cos 0 dipole pair shown in Figure 4-6: . 

M a n  dipole challenges. 
As we press upon the high-field fiontier, however, it is necessary to change fiom the rela- 

tively robust NbTi superconducting cible to the fragile, wind-and-react Nb3Sn cable. At the 
same time, the performance of both the cos 8 and the superferric configurations deteriorates be- 
cause the coil package becomes thick compared to the beam tube aperture. Figure 4-7 shows the 
calculated fidd distribution in a 4-shell cos 0 magnet similar to the LBL's 13 Tesla D-20 design. 
An increasing fiaction of the ampere-turns are spent driving flux in circles within the coil package 
rather than producing field in the beam tube, The closure of field within the coil package pro- 
duces stress concentrations in the coil package, and patterns of stress which are diflldt to pre- 
load to prevent coil motion. Likewise the thick coil package develops a softer modulus, and pre- 
cise positioning of coil elements becomes increasingly difficult. Figure 4-8 shows a design for a 13 
Tesla superferrc dipole, extrapolating the 6.5 Tesla design which was successfblly K i t  and tested 
by the Texas Accelerator Cente? , which suffers many of the same dficulties. 

The blmk-coil &sip. 
We have resolved both limitations by cu&g the Gordian knot of high-field dipole design: 

we redistribute the coil to best advantage around the magnetic Circuit, simultaneously producing 
an optimum dipole field in each of two apertures and returning the flux in a short path to achieve 
maximum magnetic efficiency. Figure 4-9 shows the calculated field distribution in a 16 Tesla 
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block-coil dual dipole. Tn addition to producing excellent calculated field quality over a wide dy- 
namic range with minimum amp-turns, it offers a number of practical advantages for construction. 
All coil elements are arranged in rectangular pancake geometry, which is easy to wind with tight 
dimensional tolerance. Most coil layers have simple racetrack ends; even for the center layers 
which must be routed overhnder the beam tube, we have demonstrated a simple technique in 
which they can be wound as racetrack coils and then bent out-of-plane at the ends. The rectangu- 
lar coil geometry provides a particularly simple and effective means to provide optimum preload 
within a single laminated steel shell. 

I k p i p  magnet. 
During the past two years we have also developed a pipe dipole design, shown in Figure 

4-3. The pipe dipole disposes the coil around the entire flux circuit, with the remarkabie result 
that flux flows within the coil as water flows in a pipe. Figure 4-10 shows the fiefd distribution: 
two uniform dipole regions are created within a suitably deformed toroid. Although the pipe di- 
pole requires -30% more superconductor than the block-coil dual dipole, it has one unique f a -  
me: field lines at the coil boundary are everywhere pardel to the coil surface. As a consequence, 
it is perhaps the only high-field magnet design which could be built using tape conductor for the 
inner coil elements Without the usual problems of AC losses and multipoles due to a field compo- 
nent normal to the tape surface. The possibdity of using tape conductor opens the world of 
Nb3Sn tape (twice the critical current density of cable, and suitable for ternary additives to extend 
high-field jc), other A15 systems which can only be fhbricated on tape (e.g. Nb3N for fields to 23 
Tesla3'), and ultimately perhaps for BSCC031 (-30 Tesla at 10 OK). The pipe magnet has no 
known fkndamental limitations up to a field strength of -20 Tesla - three times the field of the 
SSC dipoles. Twenty-five years ago Kruger et ~ 1 . ~ ~  demonstrated that compact quadrupoles can 
be successllly fabricated from tape conductor with controlled g e o m w  on both body and end 
regions (see Figure 4-1 1). The pipe dipole may offer the opportunity of revisiting this approach 
for ultra-high field dipoles. 

A blockcoil quachpofe for Zuw-p insertions. 
We have also applied the block-coil approach to design a high-gradient quadrupole appro- 

priate for use in the low-p insertions for the CERN LHC. The block-coil geometry is well suited 
to achieve a buildable, optimum geometry for a m S n  quadrupole. We have designed a symmet- 
ric quadrupole of the required aperture, which should produce a gradient of 300 Tlm at 4.2 OK. 
The inner two quadrupoles of the LHC triplet have By < v4. The block-coil design makes it 
feasible to design an asymmetric quad, shown in Figure 4-12, matching this 2 1  ellipse. It should 
produce a gradient (90% of short sample) of 330 T/m at 4.2 "K. This gradient is a 300h im- 
provement over the best 1.8 'X NbTi designs to date - an improvement which translates directly 
into luminosity. 

Signijcance for the US. high energy research program. 
These magnet designs represent what may prove to be a true revolution in collider magnet 

technology. They uniquely open the possibility of fields of 16 Tesla or beyond for future hadron 
colliders. The development of a technology base for an ultimate 100 TeV hadron wllider was 
cited as a priority for the U.S. HEP program in the report of the HEPAP Subpanel on Vision for 
the Future of High-Energy Physics. The need for hndamentally new magnet technology was 
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similarly highlighted in the report of the recent DPF Workshop on Future Hadron Colliders. The 
proposed long-term M D  program, a collaboration between LBL, Texas A&M University, and 
Japan, is the only effort which proposes to address this important frontier. Magnet efforts at 
Brookhaven are focused on RHIC and on transport lines for LHC; magnet efforts at Fermilab are 
focused on the Main Injector and on low-beta quadrupoles for LHC; magnet efforts at CERN are 
of course focused upon the preparations for construction of the LHC ring. If there is to be a fu- 
ture for hadron colliders beyond LHC, we must engender a sustained, long-term program 
to develop a better magnet technology. 

We propose such a program. It is a collaboration between LBL and Texas A&M Uni- 
versity; we are exploring possible interest at other institutions in joining the collaboration. The 
goal of the program is to explore alternatives for the superconductor and the coil geometry of 
collider magnets which would make it possible to at least double the current state-of-the-art per- 
formance. The programs at our institutions would focus on two complementary objectives: 

LBL: 
Texas A&M: dipoles using block-coil and pipe geometries; 

(after D20 testing) block-coil quadrupoles; 

The program of work concentrates on building and testing short model magnets. It is only 
through such testing that any new magnet technology can be evaluated and matured. To this end, 
in the dipofe program at Texas A&M we set ourselves an ambitious overail goal: we will build 
and test at least two prototype dipoles each year. The rationale for this program and a W B S  
schedule for the first-year program are presented below. The tentative agenda for the proposed 
3-year renewal is: 

Year 1: NbTi block-coil dipole BT-2 
Nb3Sn block-coil dipole BS-1 

Year 2: NbTi pipe dipole PT- 1 
Nb3Sn block-coil dipole BS-2 

Year 3: Nb3Sn tape pipe dipole PST- 1 
Nb3Sn block-coil dipole BS-3 

From the SSC, we propose to assemble a group of some of the finest and most experi- 
enced magnet personnel and a complete base of equipment for prototype magnet construction and 
testing. The personnel are prepared to join us immediately; the equipment is contained among the 
assets which have been transferred to TNRLC. Texas A&M has allocated a 20,000 sq.ft. high- 
bay building space which will comfortably house the activity. This combination of people, equip- 
ment, and facility uniquely makes it possible to engender a new magnet development activity and 
begin almost immediately building and testing magnets. It is the only combmtion which will re- 
tain these personnel and this equipment in productive activity to create a future for the U.S. high 
energy research program. 
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We will rely upon our collaborators for substantial help in many aspects of the dipole pro- 
gram. LBL will contribute -6 months of effort by Dr. Mcinturffto supervise the transfer and re- 
commissioning ofthe SSC equipment at Texas A&M. LBL will fabricate all conductor required 
for the dipole magnet program. LBL will contribute teamwork and leadership in several design 
areas: persistent current fields, quench simulation, coil end supports, instrumentation33 , and cry- 
ostat design. During the first-year program, ail model magnets will be tested in the cryostat which 
is being built at LBL for the D-20 tests; this enables us to defer the decommissioning of the test 
cryostat and ASST system until late in the first year without delaying the model program. 
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Figure 4-5. Cross-section of the SSC dipole: 6.5 Tesla, 5 cm bore, 4.2 %. 
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Figure 4-6. The NbTi dual dipole magnet for LHC: 8.7 Tesla, 5 cm bore, 2 OK. 

x tm1 
Figure 4-7. Calculated field distribution in the D-20 4-sheU dipole. 
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Figure 4-8. Calculated field distribution in a 13 Tesla superferric dipole similar to the 6.5 
Tesla design which was built and tested at the Texas Accelerator Center. 

Figure 4-9. Calculated field distribution in the 16 Tesla block-coil dipole. 

50 



9 

19.3 

18. 

11. 

,0911 

6 . 5  

4 .  

n -. . 
a.  5.0911 7 . 2  12. 13.: (m) 

Figure 4-10. Calculated field distribution in a 13 Tesla pipe dipole. 

Figure 4-1 1. A tape-wound quadrupole, built at Brookhaven National Lab in 1966. 
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Figure 4-12. Asymmetric block-coil quadrupole for LHC low-beta insertion: 330 Tim, 7 cm 
aperture, 4.2 O K .  
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A. Common Design Features 

In order to get a complete picture of the evolution of the dipole field designs described 
above, Figure 4-14 shows a succession fiom the NbTi dipoles for the SSC and LHC, to the D-20 
Nb3Sn dipole, to the pipe dipole, to a block-coil version of the pipe dipole, to a variant of the 
block-coil pipe dipole, finally to the block-coil dipole. The progression is shown in that order be- 
cause it is the order in which the designs were invented. While the pipe dipole was the first “new 
geometry” Nb6n design in our work, we consider the block-coil dipole to be the first practical 
design in the succession which we propose to build and test in the development program. Several 
design considerations are common to all of our designs: basic field configuration, aperture, field 
quality, dynamic range, cable orientation, prestress strategy, and coil insulation. 

Su-rcodxtor.  
We have designed the magnets to use rectangular Rutherford cable, with fine-filament 

Nb3SdCu strand, similar to that being used at LBL for D-20. We may use a nickel coating (like 
ITER) to suppress a.c. losses; it would also provide a diffision barrier for the “inorganic B-stage” 
insulation. The SC:Cu ratio is graded through the coil for optimum coil performance. 

Basic field configration. 
The magnets of Figure 4-3 and Figure 4-4 share a major departure from the conventional 

cos 9 coil configuration: The coil elements are arranged in rectangular pancake coils flanking 
each beam tube, and a magnetic steel flux return is close-coupled just beyond the boundary of the 
rectangular coil region. This configuration provides optimum packing density, ease of fabrication, 
*optimum prestress geometry, and a simple basis for tuning field quality. 

Aperture. 
The aperture required for hadron collider operation has been the subject of intense study 

for the designs of SSC and LHC. The issues determining aperture requirement were recently 
summarized at the DPF Hadron Collidex Workshop. For a 16 = 40 TeVhadron collider, a 
good-field aperture (6BB < 10“‘) of 5 cm horizontally and 3 cm vertically is typically required. In 
a cos 0 dipole, the physical aperture is circular. The block-coil dipole has been scaled to provide 
a 5 cm cylindrical aperture with lo4 field uniformity. In the pipe dipole, horizontal aperture can 
be provided with modest impact on amp-turns and overall size, while vertical aperture carries a 
more serious impact because of the necessity to carry the horizontal prestress load of the coil 
across the arch of the beam tube cavity in the winding core (see Figure 4-3). Happily this asym- 
metry parallels the aperture requirements. The 13 Tesla pipe design has therefore been scaled to 
provide a 5 x 3 cm2 elliptical aperture with 10“‘ field dormity.  

Dynamic range. 
The dynamic range of a hadron collider (W energyfinjection energy) is -10: 1 to 20: 1. 

The injection field quality in a cos 0 dipole is limited by persistent-current multipoles which are 
created when currents are induced to flow between filaments in a strand as a magnet is ramped in 
field. This phenomenon is reduced by a factor of 10 in our magnets for two reasons: the conduc- 
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tor is fbrther firom the beam than in a cos 9 coil, and a magnetic steel pole piece presents a planar 
boundary above and below the beam tube region. As presented below, this boundary condition 
strongly suppresses persistent-current multipoles at low field. Both of our designs are designed to 
produce collider field quality over a 20: 1 dynamic range. 

Cable orientation. 
In both of our designs, the cable elements are oriented so that the face of the Rutherford 

cable is parallel to the field axis. The parallelism is most dramatic for the pipe dipole (Figure 4- 
10). This provision provides a substantial reduction of AC heat losses when the magnets are 
ramped during acceleration. AC losses result mainly fiom aments which are induced to flow 
between strands within each cable element. Because the cables present their thin dimension to the 
magnetic flux, induction is minimized for a given inter-strand resistance. This benefit is in marked 
contrast to cos 8 designs, where most cable elements are oriented face-on to the magnetic flux. 

AC losses. 
As a collider magnet is ramped from injection to fkll field, eddy currents are induced be- 

tween strands within a cable. The ac losses due to these resistive currents pose a limit to the rate 
at which a magnet can be ramped. In the DPF Hadron Collider Design Study, ac losses were 
projected to be a problem limiting performance of ultimate-energy colliders. 

. 

In both the block-coil dipole (Figure 4-9) and pipe dipole (Figure 4-10), the cable de-‘ 
ments are oriented edge-on to the magnetic field. By contrast, in a cos 8 dipole the cable is ori- 
ented face-on to the field (Figure 4-7), and the field fXnges strongly through the coil. The ac 
losses scale approximately with the projected width of the cable perpendicular to the &Id direc- 
tion, so ac losses should be a factor of ten smaller than in cos 9 magnets. The actual ac losses will 
also depend on the inter-strand resistance. As part of our cable insulation system development, 
we plan to try to achieve a high-resistance coating on the strands without compromising j, per- 
formance, using a thin Ni plating, similar to that being developed for the ITER conductor, wetted 
by the vitreous glass during reaction bake. 

Prestress strategy. 
As we design dipoles for 16 Tesla and beyond, and use brittle m S n  conductor for their 

coifs, a primary challenge is to provide a sufficient preload to counter the Lorentz forces without 
unacceptable coil motion. The rectangular pancake coils of our designs accommodate a particular 
simple and effective prestress strategy: horizontal pistons fiom each side, and no necessity of an 
interleaved collar. The cable elements are oriented face-on to the preload forces, providing the 
stiffest possible modulus against coil motion. 

Coil insulation. 
Even with the elimination of stress concentrations, the Lorentz stress at 16 Tesla is im- 

mense - 170 MPa. We plan to develop a new approach to Nb3Sn cable insulation; an “inorganic 
B-stage’,, which would provide micro-quench stability and inter-strand mechanical suppoe. The 
approach is described in Section 5 and illustrated in Figure 4-13. It is similar to work done by 
Ceramphysics and Westinghouse20, by Tanaka et ul. 34 , and by Schutz and Reed35, in that it uses a 
glasdceramic mixture to coat the strands of each cable element, providing both mechanical sup- 
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port and electrical insulation. It is different from both of the previous approaches in that the insu- 
lating mixture is applied in a green state in the cable before winding, in such a way that the’final 
insulation (after the Nb3Sn reaction b&e) leaves open porosity in the spaces between cable ele- 
ments. Liquid helium permeates this space, bathing the coil and providing enhanced enthalpy to 
stabilize against microquenches. Two experts in inorganic composite systems are collaborating 
with us to develop an optimum mixture which achieves this combination of properties. 

Coil winding malea. 
In both designs, most coil elements are in the form of simple rectangdar pancake coils, 

and can be wound as a racetrack in a particularly simple manner. The central coil elements which 
flank the beam tubes must be bent up and over the beam tube at each end, however. Historically 
the techniques for fabricating the ends of a coil are the “weak link” in the entire fabrication opera- 
tion, and produce the highest likelihood of failure in the finished magnet. 

We have devised a technique for winding racetrack coils, in which the entire coil package 
is completed as a flat pancake coil, and the ends are then bent up as an membZy. Figure 4-15 
shows a mock-up coil of m3Sn cable which has been wound flat, then bent as an assembly to 
clear a 5 cm. Beam tube. A very modest force is required (-10 N), and there is no damage what- 
ever to the coil or its E-glass insulating sleeve. Two things happen in this approach which are 
actually helpll in preparing the end coil for coliaring and prestressing. First, as seen in the pic- 
ture, the geodesic of the bent coil actually flares out slightly, forming a hoop of somewhat larger 
radius than the actual inner spacing of the body coil. This both relieves the stress concentration 
which would otherwise occur at the interface between body and end regions, and reduces the 
magnetic field in the end coil. Second, the turns tend to pull together, removing the slight slack 
between turns in the end region, so that the bent coil end assembly is tight and forms an integral 
block to collar and prestress. 

. 

By using this simple, effective winding technique, all coils for the block-coil magnet can be 
wound as Aat racetrack assemblies, and the central coil segments can be bent up as required. The 
winding process should be simple and amenable to precise dimensional controt. Forthe pipe di- 
pole, the coil in the toroidal region is comprised of lFan coil segments, each of which is a 3:l fan 
from a single inner layer to three contiguous outer layers, as shown in Figure 4-16. The coil seg- 
ments for the dipole region would be fabricated using pancake wits as discussed above. 

Nb3Sn presents substantial challenges in fabricating long dipole coiIs. Because the coils 
must be reacted after Winding, the coil must be configured for the -750 “C bake in a support fix- 
ture which matches closely the expansion of the cable. Figure 4-17 illustrates this problem in the 
case of D-20. Each coil section was wound tightly upon the end spacers as the layer was succes- 
sively wound. In the bake, however, differential expansion between the (Ai bronze) end spacers, 
the (Cu) body spacer, the base fixture, and the cable produced a relative elongation of the coil as 
temperature increased followed by a contraction as it decreased. Friction ahd the stiffened 
modulus of the coil after reaction apparently prevent the process fiom reversing itself during 
cooldown, leaving gaps in the CoiVsupport space. Such gaps are not necessarily a problem, if one 
stuffs the gaps with fiberglass wadding and then impregnates the coil as LBL does. Since we plan 
to strive to achieve an “inorganic B-stage” insulation (see below), such gaps are m r e  serious. 
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Figure 4-13. Schematic illustration of inorganic B-stage insulation strategy. 

56 



....-....... 1 
a SSC dipole 6.5 0.105 0.585 0 3 3 0  2 20 
b.LHCdipole 8.65 0.98 1.88 0560 3 2.5 
c. Berkeley D20 13.0 0.862 1.72 0820 N/A UIA 
dPipcmagnet 13.0 3.64 5.50 86(m60 N/A 1.8 

2.0 e. Hybridmaips 13.0 2.23 4.50 
f. Blockmagnet 16.0 4.36 5.39 0500 0.4 -0.23 

Figure 4-14. Evolution of dipole design, from cos 8 to pipe to block-toil. The parameters 
for the dual-aperture designs (b, d-9 are for both bores together. 

o m  NIA 
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Figure 4-15. Photographs of a mock-up coil of NbsSn cable, in which the entire coil end has 
been bent up to clear a 5 cm beam tube. 



Figure 4-16. Schematic illustration of the winding arrangement for one toroid coil seg- 
ment. 

Figure 4-17. Photograph of an inner coil of the D-20 magnet, after reaction bake. 
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B. Block-Coil Dipole 

The block-coil dual dipole is configured as a window-frame magnet, in which the coil is 
divided into three segments so that the Nb3Sn conductor can be graded to optimize j@). Figure 
4- 18 shows the load line for the three coil segments, designed to optimally utilize the supercon- 
ductor throughout the coil. 

Field qual@ and djmamic range. 
The multipole content is dominated by two phenomena: the pairing of the two dipoles in- 

troduces an asymmetric reluctance which in turn produces a quadrupole; and the progressive satu- 
ration of the steel produces a sextupole and decapole. We have corrected these effects by intro- 
ducing three modifications. First, the innermost coil is arranged on a contour which cancels the 
decapole and some of the sextupole (Figure 4-19). Note that the contour is antisymmetric: the 
coil profile is shaped on the inner boundary of the inner leg, and the outer boundary of the outer 
leg in each dipole. 

Second, the three coil elements are gapped apart asymmetrically, to correct the reluctance 
asymmetry. The coils are spaced with minimum gap on the outer leg, but with substantial spacers 
on the inner leg. This cancels most of the quadrupole. shows the calculated multipoles which re- 
sult when all three coils, thus configured, are excited by a common (series) current. While it is 
possible to achieve collider-quality field at 111 excitation, at low field substantial quadrupole (-40 
units) and sextupole (40 units) fields are produced, due to the transition of the steel from unsatu- 
rated to saturated state as field is increased. 

The third modification is to operate the three coil segments with different currents. The 
currents can programmed to cancel all multipoles to less than one unit (lo4 cmd) at all field 
strengths over a 20:l dynamic range. Figure 4-20 shows the current programming I@). Figure 
4-21 shows the multipole content as a fbnction of field strength. 

The choice of aperture is governed by several considerations. The aperture requirement 
for collider operation has been the subject of exhaustive scrutiny throughout the design of SSC 
and LHC. The subject was reviewed at the recent DPF Hadron Collider Workshop. The horizon- 
tal aperture requirement is dominated by the dispersion due to momentum spread at injection; for 
SSC it was 5 cm. physical aperture, 3 cm collider-quality field. The vertical aperture does not re- 
quire accommodation of momentum dispersion; the same 3 cm. colliderquality field aperture suf- 
fices. 

Persistent-current multiples. 
Two of the virtues of both the block-coil and pipe designs is the suppression of magneti- 

zation fields by the planar steel boundary, and the suppression of a.c. losses by the orientation of 
the cable elements edge-on to the field. We have calculated the multipole fields produced by 

. magnetization currents within the superconducting strands, following the procedure of C a ~ p i ~ ~ .  
Each coil segment is represented by a magnetization block, with a h4/H magnetization curve ap- 
propriate to describe the measured magnetization properties of the actual superconducting strand. 



This approach has been used to accurately reproduce the observed magnetization fields in Te- 
vatron and SSC magnets. For Nb;Sn cable, the filament size represents a somewhat uncertain 
parameter in estimating the magnetization curve: while the intrinsic filament size in the internal-tin 
strand which is used at LBL for D-20 is quite small (-2 pm), the difhsed tin between strands 
produces a weakly superconducting bridge at low current and field, equivalent to a much larger 
‘‘effective strand size” at injection field. The low-field effective strand size is estimated to be -20 
pm fdr the material currently in use. A magnetization curve appropriate for that strand size was 
adopted for our calculations. 

Figure 4-21 shows the persistent-current multipoles calculated for the 16 Tesla block-coil 
dual dipole. The maximum sextupole hysteresis is -3 units at BJ20, one tenth of the bz at the 
same fiaction of full field for an SSC dipole (Figure 4-22). We have included the calculated mag- 
netization fields in a re-optimization of the current programming, and can again reduce all muf- 
tipoles to <I unit over the 111 20: 1 dynamic range (Figure 4-24). 

Current programming. 
The block magnet requires current programming to achieve optimum field over a 20: 1 dy- 

namic range. We realize that current colliders utilize a single current bus for the main dipole fam- 
ily, and that many in the accelerator community have strong opinions that multiple current busses 
would pose a major risk to stable operation. Certainly a number of issues arise which must be 
evaluated quantitatively before a multipIe-bus scheme could be seriously entertained for a h t m - -  
coltider. However, all of the ;ssues we have been able to identify appear to be readily manageable 
without substantial cost or risk. 

The frequently cited need for independently adjustable orbits can be accommodated at the 
level it is required by means of a family of lumped correction elements in the spool pieces. The 
power supply stability and regulation requirements are well within commercial power supply tech- 
nology. The quench protection design must be segmented in multiple paralle1 circuits for diode 
clamps, dump resistors, and heaters, so the segmentation would actually be a convenience. The 
accommodation of multiple current busses in the cryostat is a modest issue in the overall design. 
The only issue which we have identified which appears to need some near-tern analysis is the 
potential for transmission-line modes propagating around the magnet ring, in effect shunting cur- 
rent among the three circuits in a differential traveling wave which might propagate with little at- 
tenuation. 

Quench protection. 
With a stored energy of 2.2 MJ/m in each dipole, quench protection is a critical considera- 

tion for reliable magnet operation. From the experience to date with quench protection of collider 
dipoles, the parmeter which is of great importance in quench dynamics is the maximum current 
density jcu which would appear in the copper stabilizer of the cable during a quench. I f je  <1,100 
A/mm2, active quench protection can usually be designed to safely distribute a-quench so that a 
magnet consumes its stored energy without overheating at any location. If j, exceeds that limit, 
quench protection is usualiy very difficult, particularly for distributed strings of magnets which 
must be effectively isolated from one another so that a quench does not propagate from magnet to 

61 



magnet. We have adopted this limit in designing the SC:Cu ratio for all coil segments in our d e  
signs. Table I presents the parameters of all three coil segments in the block-coil dipole. 

We are currently simulating the quench behavior of the block-coil magnet, using a modi- 
fied form of the code QULHC". We have assumed a network of clamp diodes, limiting and 
dump resistors, and pulsed heaters as shown in Figure 4-25. The quench is assumed io initiate on 
an inner coil segment. The decay of current during the quench is shown in Figure 4-26; the decay 
time constant is -0.2 sec. Figure 4-27 shows the total coil voltage (resistive plus inductive) across 
each coil segment during the quench. A maximum of 1,300 V is developed; the maximum voltage 
location is on the middle coil under the initiation condition studied. Figure 4-28 shows the maxi- 
mum temperature as a function of time during the quench. A maximum of 430 "K is reached on 
the outer coil. These results are only the beginning of our study of quench dynamics in the block- 
coil dipole. The circuit parameters in Figure 4-25 have not been optimized, and the limits in tem- 
perature and voltage can probably be improved. We are experimenting with the segmentation and 
placement of circuit elements to that end. These preliminary results are already within reasonable 
bounds for a localized, non-destructive quench. They demonstrate that the 16 Tesla block-coil 
dual dipole can be adequately protected. 

. 

Prestress Strategy. 
The total preload on each side required to counteract the Lorentz force is 

F = S w = 22 kT/ m. The preload must be delivered to the side wall of each coil assembly. In 
this respect the block dipole is ideal for simple, effective preloading. Figure 4-25 shows two 
techniques for delivering the preload. The simplest approach is to divide the steel flux return at 
the top and bottom of its rectangular cavity, creating two pistons on the sides. The pistons are 
then pressed inwards in a press to the desired preload, and the outer seams between the pistons 
and the tophottom pieces are welded to lock in the preload. It is hard to imagine a simpler way 
to deliver a controlled preload. The one disadvantage is that some fraction of preload would 
likely be lost in cooldown, due to differential contraction. 

The second approach uses the differential contraction of AI and steel to advantage to de- 
liver additional cold preload, in a fashion similar to that used at Brookhaven, SSC and CERN. 
The steel flux return is segmented at the bifiucation between the region where flux couples be- 
tween the dipoles and the region where flux returns on the outside leg. In this way one eliminates 
any effect on field strength or homogeneity fiom any residual crack at the interface. A controlled 
gap is made between the steel segments, and bars of aluminum are placed at the top and bottom 
of the assembly to space the gap while the magnet is at room temperature. When the magnet is 
cooled to 4.2 SC, the Al bar shrinks more than the steel, and the gap closes, delivering additional 
preload to the coil. The preload would be delivered in this strategy by either banding or wire- 
wrap around the steel assembly. 
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Table I. Superconductor properties in the coils of the block-coil dipole. 

effective filament diameter 
# filaments 

strand diameter 
# strands 
C d S C  

inner coil 
20 

1164 
0.965 

34 
1.0. 

middle coil 
18 

933 
0.825 

19 
1.15 

outer coil 
18 

1289 
0.980 

13 
1.3 

18 
17 
16 
15 
14 
13 

h 12 - l l  I- 

Load line and short samples curve for Nb3Sn cable at 4.2 K 

w 

mm 

0 5000 . 10000 15000 25000 
Current ( A )  

Figure 4-18. Load tine for the three coil segments of the 16 Tesla block-coil dual dipole. 



0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7  
Main field 30 ( Tesla ) 

Figure 4-19. Calculated multipoles in the block dual dipole: all coils operated in series. 
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Figure 4-20. fidd quality. 



0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Main Field ( T ) 

Figure 4-21. Calculated muttipoles in the block dual dipole with current programming. 

0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7  
Main field Bo ( Tesla) 

Figure 4-22. Calculated persistent-current multipoles from magnethion fields. 
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Figure 4-23. Measured persistent-current multipoles in SSC prototype dipoles. 
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Figure 4-24. Residual multipoles after readjusting the current programming to cancel 
magnetization fields. 

66 



U v 

..I 

t?; / - 
# 4 

R u t  

t -  

4- - 
R+ 1.3 - 

Rc*t=st -h , R,; S O . f h  

s m  S r I l / O f , h  

Figure 4-25. Circuit used in simulation of quench protection for block dipole. 

0 .05 .1 ,15 .2 .25 .3 3 5  .4 .45 .5 
TIME AFTER QUENCH INITATION t( s ) 

Figure 4-26. Current decay during quench in each coil segmeltt. 



0 .05 .I .15 .2 .25 .3 .35 .4 .45 .S 
TIME AFTER QUENCH INITATION t( s ) 

Figure 4-27. Coil voltages during quench. 

0 .05 .1 .15 .2 .25 .3 .35 .4 .45 .5 
TIME AFTER QUENCH INITATION t( s ) 

Figure 4-28. Maximum temperature in each coil during quench. 
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Figure 4-29. Two techniques for applying preload to the block dipeie: a) side bam acthgfs 
piston; b) split flus return deng flux bifurcation, and insert Al W h r  cold prdord 
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C. Pipe Dipole 
The pipe magnet consists of two current sheets, configured roughly as a toroid, with in- 

sertions which produce a high-quality dipole field at two opposite locations for the two beams of 
a hadron collider. The design strategy is summarized in Appendix D. The real "magic" of the pipe 
magnet is the invention of a flux transformer which changes the field B = Bo( R / rf 4 of the 
toroid sections into the uniform field B = Bo 2 of the dipole section. We have invented a particu- 
lar deformation of the outer current sheet which produces the desired transformation26. The col- 
lider field quatity can be readily achieved in the dipole insertion without additional corrections. 
Addition of a modest pole face winding at the boundaries of each dipole section could be used to 
hrther reduce or tune multipoles. 

Field optimization 
Design of the pipe dipole has required both the use of a new software environment, 

OPUS, to optimize the geometry for the flux transformation, and a rather intricate meshing of the 
2-D structure to adequately model the structure. Figure 4-24 shows the finite-element mesh 
which was used in PE2D to calculate the magnetic field distribution and forces. 

Figure 4-10 shows the calculated magnetic field distribution for such a coil configuration. 
The optimization produces the following approximate guidelines: 

the mean radius of the toroid sections should be -5% where a is the radius of the beam aper- 
ture within which uniform field is required in the dipole section; 

- the coil in the toroid section should have an integral ratio (typically 3:l) of outer to inner ra- 
dius, in order to accommodate the flux transformer; 
the transition fiom dipole to toroid should include a tapering of current distribution, fiom the 
one liiting case to the other, with a modest flux leakage in the transition which must be 
compensated in the magnetic design. 

- 
Table 2 presents the calculated multipoles for the 13 Tesla pipe dipole. The design as- 

sumes cable conductor, similar to that used in D-20, with 3 graded current densities through the 
thickness of the coil. All 3 coil segments are assumed to be operated in series. A pole-face 
winding has been included at the interface between the center dipole insert and the U-shaped tor- 
oid inserts, in order to provide tuning of multipoles below the IO4 cmQ level. No analysis has yet 
been made of the error fields which would result from conductor placement errors. Such analysis 
will of course be necessary before arriving at a prototype design. 
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Fipure 4-30. Mesh for numerical modeling of the pipe dipole in PE2D. 

Table 2. Calculated multipoles of the 13 Tesla pipe dipole 

n b,(lO"cm") 
1 -.004 
2 -.63 - 
3 +.023 

5 +.064 
4 -.17 

6 -.48 

Tape conductor for the pipe dipole. 
The pipe dipole is unique in the feature that the magnetic field in its bore circulates around 

the internal region, and does not fringe through the coil package. Comparison of Figure 4-10 
with all of the other field geometries above shows that, uniquely in the pipe magnet, the magnetic 
field at the location of the conductor is everywhere tangential to the boundary of the coil package. 
If the coil were to be fabricated fiom tape conductor, there would be very little field component 
normal to the face of the tape. This feature is crucial to the possibility of bddmg superconduct- 
iog dipoles using tape conductor While such dipoles have never been developed (although Figure 
4-11 shows a tape-wound quadrupole fiom 25 years ago), they would open the world of inex- 
pensive conductor fabrication for Nb,Sn, and perhaps of practical conductors using high-field A15 
systems and BSCCO. 
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The limiting consideration in using tape conductor is magnetization current which would 
be induced by time-changing magnetic flux through the face of the tape. In a tape-conductor pipe 
magnet, the flux would be oriented parallel to the tape face, and such currents would be largely 
avoided. This feature is vital from the consideration of j,, field quality (persistent-current mul- 
tipoles), and a.c. losses. Figure 4-27 presents data3' on the effect of magnetization currents in 
BSCCO tape if the magnetic field forms a.significant angle a with respect to the tape-normal di- 
rection, j, would be degraded by a factor of 3 if tape conductor were used in a cos 8 dipole 
(a4' at some regions of inner coil), by a factor of -1.4 in a block41 dipole (a-+70°), and not 
at all in a pipe dipole (a=90° everywhere). 

Current requirements. 
The pipe dipole requires 5.5 MA turns of conductor, a little more than the block-coil dual 

dipole, If it proves feasible to use tape conductor, the actual mass of superconductor may be 
significantly reduced, however, since the high-field critical current in tape is typically -twice as 
great for mSn tape as for cable. The aggregate conductor mass would be governed mainly by 
the amount of Cu required for realistic quench protection. 

. 

GE has developed a continuous tape fabrication process for Nb3Sn tape, and plan to work 
with LBL to develop and evaluate tapes with ternary alloys and artificial pinning centers (APC.). 
Their process is a continuous-feed fabrication, beginning with a Nb (or NbTa, etc.) ribbon, which 
is coated with Sn in a dip process, then reacted in a fast high-temperature continuous-feed hr- 
nace, then clad to Cu stabilizer and insulating layer. The unit cost for fabrication of large quanti- 
ties of conductor with this process is unknown, since it is now being used for a product for the 
first time - a 1 Tesla split solenoid for MRI during surgery. It appears likely, however, that Nb3Sn 
tape conductor could prove to be substantially less expensive and higher performance than an 
equivalent cable. 

Tape is-the only process by which high-field, high-j, performance has yet been achieved in 
Nb3Al. Figure 4-25 shows the measured short-sample j, for Nb3A tape which was fabricated us- 
ing each of two continuous processesM in which the reaction is achieved using a laser and an 
electron beam, respectively. In both cases, j, - 200 A/m2 at 4.2 "K was achieved, with maxi- 
mum field of -23 Tesla. 

Tape remains the best form in which to achieve high j, and high B, in practical high- 
temperature superconductors (HTS) such as BSCCO. Because the HTS mechanism involves 
conduction along ordered planes in the perovskite structure, orientation of grains in a continuous 
layer is of critical importance. This is more readily achieved in tape form than in wires. Figure 4- 
26 presents measured j, YS. B for BSCCO tape3'; j, - 200 lvmm up to -30 Tesla at 20 "K. The 
possibility of operating at higher temperature could become an important feature at an ultimate- 
energy hadron collider, because the synchrotron-radiation heat load will likely dominate the heat 
budget, and cculd dominate the entire power budget of the facibty. 
Prestress strategy. 

Figure 4-28 shows the calculated pattern of Lorentz stress in the coil package of the 13 
Tesla pipe dipole. The stress concentrates in the dipole coils, and drops by a fhctor of 10 in the 
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toroidal regions. We have designed a prestress strategy which delivers a compressive preload in 
this pattern. A banding of either high-strength tape or wire is wrapped around the pipe dipole as- 
sembly as shown in the figure. A piston, located on each side of the assembly, serves as a load 
concentrator: The capstan force delivered by the banding in any region is proportional to the arc 
angle subtended by the tape as it bends around the region. By shaping the pistons as shown, 
most of the arc angle (hence most of the compressive force) can be concentrated in the two side 
pistons and delivered to the dipole regions. We have done some preliminary finite-element model- 
ing of the piston and the distribution of preload around the coil assembly. It appears to be feasible 
to match it fairly closely to the pattern ofLorentz stress. 

Some experts have criticized this prestress strategy, on the basis that several prototype cos 
8 dipoles were fabricated with wire-wrapped preload in the early phases of the Tevatron magnet 
R&D, and the magnets twisted uncontrollably d e r  the assembly was released fiom the banding 
fixture. In our opinion, this result was predictable for the cos 8 geometry but irrelevant for the 
pipe geometry. In a cos 8 geometry, there is very little intemai structure to the magnet. The 
structure is provided almost entireiy by the collar assembly. Thus if one replaces the stack-weld 
lamination assembly by a wrap of banding, there is nothing to maintain alignment. in a long mag- 
net. 3 y  contrast, a pipe magnet has a massive internal structure, in the fonn of its magnetic and 
non-magnetic laminated cores (see Figure 4-3). This structure should provide excellent alignment 
integrity for a long magnet, independent of the means used to deliver preload. We note in closing 
that LBL has decided to use wire-wrap to deliver preload to the D-20 prototype, in which the 
steel shell can provide alignmeait integrity. 

LOL a 5 1 

rn 
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Figure 4-31. Short-sample measurements of j, vs. B for N b 4  tape conductor. 
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Figure 4-32. Measurement of j, vs. B in BSCCO tape. 
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Figure 4-33. Dependence of j, on the angle between B and the tape-normal direction. 
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D. Block-Coil Quadrupole for Low=p Insertions 

One of the most challenging magnet design requirements for CERN's LHC is the low+ 
insertion at which the beams collide at high luminosity for each experiment. Attaining high lumi- 
nosity requires that the beams be squeezed to the smallest feasible focus. Taylor3* has designed 
an inner quadrupole triplet insertion which would produce p* = 0.5 m at the intersect. The design 
is shown in Figure 4-29. It requires quadrupoles with an aperture of 70 mm and a gradient of 250 
Tlm. Design efforts have been undertaken at CERN, Fermilab, and LBL to design cos 28 qu- 
drupoles which would meet this requirement. It is at the limit of feasibility with NbTi, even at 2 
"K. Such designs are problematic for two reasons. First, the inner quads will receive a heavy load 
of energy deposition from lost particles; the heat must be conducted through the coil, creating a 
temperature differential which wouid be especially problematic at 2" K. Second, most such de- 
signs have to push the SC/Cu ratio in the cable to problematic limits; the current density j,, which 
would appear in the Cu stabilizer is -1,300 14/mm2 in several such designs, beyond the capability 
of readily achievable quench protection strategies. 

We have applied the same block-coil approach to design a block-coil quadrupole, using 
M3Sn superconductor at 4.2 "K. It produces 300 T/m gradient (W! short sample), with an cir- 
cular aperture of 70 mm. Figure 4-30 shows the calculated fields in the magnet. The block coil is 
oriented appropriately for relatively simple winding strategy. The c&!es are face-on to the direc- 
tion of preload, providing a stiff modulus. The side boundaries of each coil segment are appro- 
priate for mounting of a heater strip in excellent edge contact to all turns of the coil, assuring op- 

. timum rapid distribution of a quench using pulsed heaters. The 4.2 "K operation provides some 
margin for heat transport for beam losses; indeed the j,(T) for M3Sn decreases more dowly with 
temperature than it does for NbTi. 

With the block-coil approach, it is straightforward to design an asymmetric quadrupole. 
In the lattice of Figure 4-29, the beam envelope is asymmetric through the most critical elemats 
(where the beam has largest size), py - PJ4. The beam envelope is thus twice as wide as it is tall 
through the middle magnets of the triplet. We have designed a 2:l asymmetric quadrupole to 
provide the highest feasible gradient in that region. Figure 4-12 shows the calculated fields. It 
provides 330 T/m gradient - 30% more than the LHC lattice requires. This design example illus- 
trates again the power of the block-coil approach to design a buildable, optimal solution to a wide 
variety of magnet design requirements. 
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Figure 4-35. Low-g insertion for LHC. Note that 8- &/4. 
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Figure 4-36. Symmetric block-coil quadrupole: 300 T/m gradient, 70 mm aperture, 4.2 “K. 
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E. Inorganic B-stage for NbsSn Coil Insulation 
In Nb3Sn magnet technology, the strand or cable elements are Gapped with E- 

glass or S-glass cloth, either as a half-wrap or as a tubular sock. The coil is baked in a 
reaction bake cycle (-24 hour, 750 "C, inert atmosphere) to dffise the Nb and Sn in the 
heterogeneous strand composition to form superconducting Nb3Sn filaments. This 
process must be done after winding (wind-and-react) because the superconducting alloy is 
brittle and subject to fracture in winding and forming operations. The glass cloth cable 
insulation is typically impregnated with*,sizing (e.g. starch, -2% by weight) to make it 
pliable for handling. The starch is b u d  out in an atmospheric bake to 400°C prior to 
the reaction bake. 

Immediately after the reaction bake, the coil is vacuum impregnated with an epoxy 
system; the impregnated coil is then cured to produce a solid composite. There are three 
good reasons for the vacuum impregnation. First, the glass cloth becomes extremely 
brittle after the sizing is burned out, and is prone to fracture. Second, the glass cloth can 
prevent cable-cable shorting, but cannot prevent electrical breakdown in He gas during a 
quench (the Paschen limit -1,000 V). Intra-coil breakdown could damage the coil and its 
insulation. Third, the strands within a Rutherford cable must be supported by a matrix in 
the space between them, or the prestress forces would crush them at the points where 
strands pass over one another in the transposition pitch of the cable. At those locations 
the macroscopic preload would produce a stress concentration, which would yield the 
strand matrix and fiagment the superconducting filaments, degrading j,. The impregnated 
epoxy provides supporf in the inter-strand space so that stress does not concentrate. 

The impregnation of a coil brings with it an unfortunate problem. Liquid helium is 
excluded from the coil, and cooling can only be provided at the coil boundaries. For a 
thick coil, heat produced in the coil must transport through the rather poorly conducting 
epoxy/glass matrix to be removed.- Even a modest heat load could produce a signiscant 
temperature differential within the coil. In a typical collider magnet, two major heat 
sources are intimately associated with the coil: synchrotron radiation is absorbed on the 
beam tube, and beam losses produce energy deposition directly in the coil. These heat 
sources become more of a problem as the collider energy increases. Inclusion of 
additional materials in the epoxylglass impregnation usually only makes the problem even 
worse. For e e l e ,  the CERN group tried using mica as an inter-coil insulation. The 
mica developed microscopic voids between the lamina of the crystal structure, which 
caused its thermal conductivity to decrease tenfold. 

What is needed is an insulating system which provides a solid support matrix in the 
inter-strand spaces within a cable element, and forms a dielectric coating on all strand 
surfaces to block gas breakdown during quench, and stabilizes the glass cloth wrap, but 
provides an open porosity within which liquid helium can flow in the (thin) gaps between 
cables in the coil package. 
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We propose to develop such a system. Several authors have developed similar in- 
sulation strategies34735 is illustrated in Figure 4- 13: 

A fluid composite of ceramic and glass powders, resin, and volatile vehicle is used to 
impregnate the cable and possibly the E-glass tape as well. Each is dried to remove 
the volatile vehicle, and to cure the resin if necessary; 

The tape is half-lap wound onto the impregnated cable; 
The insulated cable is wound onto the coil forms to fabricate the coil package; 

e The ends of the inner layers are flared as described above; 
0 The completed coil is fired to remove all organic resins and sizing, then baked to react 

the ~ b 3  Sn. 

- 

The glass-ceramic-resin material must satisfy a number of criteria in order to pro- 
vide the necessary fknctions described above. The liquid material must be capable of 
penetrating the cable in a dip process to fill the interstices between strands. The dried and 
cured material must adhere to the strands, and provide a flexible, cohesive bond to prevent 
decabling when bending the inner coil ends. The glass-ceramic mix must wet to the sur- 
face of the strands during the reaction bake, must not difli;se into the strands to a degree 
which would poison the superconducting performance of the Nb3Sn alloy, and must form 
a tough matrix of very hard modulus after the reaction bake is completed. The mix must 
bridge the spaces between strands sufficiently to eliminate stress concentrations under 
face-on cable loading. The mix must form a continuous, vitreous coating on the strands to 
provide electrical isolation from the liquid helium. The voids left following the burnout of 
the resin (-50% of the mix by volume) must form an open matrix which permits penetra- 
tion of liquid helium throughout the coil package. 

Two lines of development are pertinent to a technical solution to these multiple 
demands. First, Ceramphysics has developed several glass-ceramic formulations in which 
the ceramic component provides large heat capacity at liquid helium temperature and rea- 
sonable thermal conductivity. While the ceramic component does not sinter at the -750 
OC reaction temperature of the cable, several glasses were used which vitri@ at that tem- 
perature and provide a continuous matrix which incorporates the ceramic powder and 
wets to the cable strands. It was found that wetting required that a layer of nickel be 
electroplated on the strand surface. Nickel poses a diffusion contamination for Nb3Sn, 
however, so it is suggested that the chromium plating which is being done for the ITER 
project may serve the same fbnction of promoting wetting of the glass while also provid- 
ing a diffusion barrier against any poisoning of the strand by components of the Ceramic- 
glass mix. 

Second, Ferro has developed a product line for thick-fiim technology which uses 
resin resin filled with ceramic and glass powders to produce a stable film for electronic 
substrates. If a suitable mix of glass and ceramic powders could be formulated in their 
resin resin, the above combination of properties might be achievable. 
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The overall process that is desired is akin to the "B-stage" process of epoxy impregnation 
for NbTi superconducting magnets (which do not require a reaction bake), in which green 
epoxy is loaded into a tape, wrapped onto the cable, and the completed coii is reacted to 
cure the epoxy while leaving porosity for helium penetration. A third company, Compos- 
ite Technology Development, has developed processes of this sort and has committed to 
collaborate with us to develop the inorganic €3-stage. They have a well-equipped test lab 
and can test most mechanical, electrical, and thermal properties of interest. 

In order to achieve success with the proposed insulation strategy, it may be 
necessary to employ two seemingly disparate concepts, either separately or in concert. 
One concept uses binders, capable of a carrying high loading of inorganic fillers, that can 
be themdy decomposed with near-zero char formation. The other concept is to use 
"pre-ceramic" polymers that are capable of being thermally decomposed at temperatures 
<175 "C to form amorphous inorganic compounds with useful dielectric insulating 
properties. 

With either concept it will be necessary to control the removddecomposition of 
the resin carefblly to assure that sufficient structural integrity, porosity, and coating of the 
individual cable strands are obtained. The important parameters to be controlled during 
thermal processing will include time, temperature, and the furnace atmosphere. 

L o w - e h  organic resins. 
Two classes of low char forming resins will be considered: resins that decompose 

in air or oxygen-enriched atmosphere to give the typical volatile combustion products; 
and resins that will therinally degrade to form volatile organic products, usually the 
monomers from which the resins were origmlly made. 

Resins susceptible to low temperature Combustion. 

insulation are listed below with comments:- 
Some candidate polymers to be considered as resin systems for the glasdceramk 

e 

e 
e 

Poly(viny1 alcohol), PVA, [-CH2-CH(OH)-Jn - water soluble; capable of containing 
high loading of inorganic oxides; used to slip cast barium titanate ceramics. 
Poly(viny1 acetate), PVAC, [-CH2-CH(OOCCH~>], - probably capable of containing 
high loading of inorganic oxides. 
Poly(acrylic acid), PAA, [-CH2-CH(COOH)-]a - water soluble, very compatible with 
inorganic oxides, large technology base. 
Polfiethylene oxide)/poly(ethylene glycol), PEOREG, [-CHKH2-O-], - water 
soluble; forms complexes with metallate ions, compatible with inorganic fillers. 
Natural rubber latex emulsion (water) - very susceptible to oxidative degradation at 
relatively low temperatures, should be able to make suspensions with fine inorganic 
oxide powders and appropriate surfactants and dispersing agents. 
Poly(isobutylene), [-CH(CH&-CH2-& - low char forming polymer. 
Dow Chemical XUS-40303.00 high bum out binder, undisclosed composition; water 
and organic solvent soluble; used for ceramic fabrication as a "green" binder. 
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- 
PVA, PVAC, PAA, and PEG all contain a high oxygen content (C/O = 2/11 to 

promote complete combustion under oxidizing conditions. This should facilitate the 
removal of the resin during burnout in air at elevated temperatures. For example, Union 
Carbide's CarbowaxaD PEG 20M is reported to leave an ash of only 0.05% theoretical 
during thermogravimetric analysis (TGA) in air to 375-400 "C. Because they are all polar 
polymers, they are compatible with inorganic compounds and should be able to handle 
high loadiig of filler compounds and still remain feasible. 

The use of an elastomeric binder such as a natural rubber latex (in emulsion form 
for easy impregnation) or poly(isobuty1ene) which remains a liquid at room temperature 
when the formula weight is between 300 and 3,000 is potentially beneficial because it 
could lead to a more ductile cable assembly prior to burnout. The complete degradation 
of latex rubber is promoted by ozonolysis which promotes the breaking of C-C bonds. 
Thus it may be advantageous to use an ozone containing air atmosphere to facilitate the 
Iow temperature removal of elastomeric resins. 

Dow Chemical's high-burnout binder, XUS-40303.00 is of interest, since it is 
designed to be used as a ''fbgitive" binder in the-first stage preparation of monolithic 
ceramic shapes. It reportedly melts at 1 10-120 "C and undergoes a catastrophic 
decomposition at temperatures of 350-750 "C with a 99% weight loss. 

Resins that pyrolyze with little or no char formation. 
A number of readily available polymers thermally decompose essentially 

completely into volatile decomposition products. Most of these decompose by unzipping 
of the polymer chains to regenerate the volatile monomers. Some potentially usefid 
pyrolyzing polymers are: 

n PoIy(methylmethacrylate), PMMA, [-CH2-C(CH3)(COOCH3)-]n 
n Poly(alpha-methyl styrene), PMS, [-CH2-C(CH3)(C&)-],. These two polymers unzip 
completely at elevated temperatures in inert atmospheres with 1W/o regeneration of the 
volatile monomers. 

n Nylon 66 (polyamide) is interesting because it yields no char when it is combusted in 
air. Since one would expect at least moderate amounts of char fkom aerial thermolysis 
of a polyamide polymer, it likely at least unzips in part. 
Poly(dimethylsiloxane), PDMS, [-Si(CH&-O-],, polymers are commercially available 
with a wide range of molecular weights. They can be cured at 100-150 "C using 
conventional peroxide curing agents, and decompose at 600-700 "C without the 
formation of char. If the decomposition were carried out in air, we anticipate that a 
significant residue of amorphous silica would remain. A commercial copolymer of 
PDMS and methylmethacrylate is also available. This material also is expected to be a 
zero or near zero char former during thermal decomposition. 
Polycarbosilane polymers are being used as pre-ceramic polymers. Dietmar Seyferth, 
in an overview paper reports that polysilmethylene, [-(CH3)2-Si-CH2-In, decomposes 
thermally in an inert atmosphere without the formation of cha?'. W.P. Weber et al. 
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report two complex polycarbosilanes 40,41 that when pyrolyzed in nitrogen between 
550-750 "C and >450 "C respectively. 

Pre-ceramic polymer resins. 
Because of the current technical and industrial interest in both efectronic and 

structural ceramic materials, a new technology has developed around the use of pre- 
ceramic polymers. These are poIymeric materials that can be decomposed thermally under 
moderate to high temperatures to generate usehl rehctory ceramic materials. In contrast 
to hgitive @en) binders, when pre-ceramic polymers decompose they are converted in 
significant part into useful oxide or non-oxide ceramic materials. Much of the technology 
reported in the open chemical iiterature and the patent literature d d s  with the formation 
of the following crystalliie phases: 

Si02; 
&03; 
aluminosilicates; 
metal titanates; 
Sic; 
B4C; 
TB*; 
SiJN4; 
refi-actory metal borides, carbides, nitride, and silicides. 

Generally the thermal decomposition of the pre-ceramic polymers takes place in 
two steps. First the polymers are heated at moderate temperatures (<1,000 "C) to 
decompose the polymer and remove most of the volatile decomposition products and form 
amorphous ceramic precursor powders. Second the amorphous first stage decomposition 
products are annealed at sufficiently high temperatures to form the desired crystalline 
ceramic phases. 

We plan to consider a number of pre-ceramic polymers as resins for impregnating 
the cable segments and the E-glass tape. One objective will be to generate amorphous 
oxide or noi-oxide phases that will provide a structurally intact framework, usehl 
porosity, and satisfactory dielectric properties. 

As mentioned earlier, the exact stoichiometry of the amorphous chars, and the 
conversion efficiencies will depend on time, temperature, and the fimace atmosphere. By 
decomposing certain pre-ceramic polymers in air or under low partial pressures of oxygen 
it will be possible to form relatively low melting oxide glasses in relatively high yields. 
And, of course, it is possible to form glasdceramic compositions that will form a liquid 
phase, below 750 "C, especially if certain inorganic glass forming modifiers are dispersed 
in the impregnating resins. Potential classes of pre-ceramic polymers are: 

Polycarbosilanes 
Polycarbosilazanes 
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Silicone resins 
0 Filled I;iSh yield carbon precursor resins 

A large number of polycarbosilane and polysilazane polymers have been 
commercially developed as precursors to Sic andor Si3N4. For most of these polymers 
pyrolysis and high temperature annealing in ammonia promotes the formation of the 
nitride at the expense of the oxide. Some of these ceramic precursor polymers will be 
considered as resins for the glasdceramic insulation system. 

The silicone resins (rubbers) are an attractive potential class of polymer precursors 
to silica if they are thermally degraded in air or oxygen rich atmospheres. By loading them 
with boron and /or other metal compounds the silicone resins are potential precursor 
polymers for silicate, borosilicate, and aluminosilicate glasses or glass ceramics. 

Although there are a number of commercial mandacturers of silicone resins, a 
particularly attractive one is RTV 161, available &om General Electric. This resin uses a 
non-corrosive alkoxy cure system, and decomposes in air above 300 "C. RTV 560 is 
another attractive pourable silicone resin that decomposes in air above 260 "C. Such 
resins have been demonstrated as precursors to Sic when thermally decomposed in 
ammonia. 

A series of U.S. Patents have been issued to Myers4*. They disclose silazane and 
silazane polymer precursors to Sic and Si3N4. When fired in air at 1500 "C the best of 
these precursbr polymers gave char yields > 90% based on Si. Of course much of this 
residual silicon was present as silicon oxides or silicon oxycarbides. 

Liquid, thermosetting Si-0-C-N pre-ceramic polymers also are disclosed. They 
could be very attractive resins for the glasdceramic insulation system. 

Myers also developed a silazane modified phenolic resin that gave an 80% char 
yield based on Si and C. This pre-ceramic polymer was developed as a matrix resin for the 
manufacture of C/C composite materials. 

Resins that give high char yields of carbon during pyrolysis in inert atmospheres 
also are of interest as matrix resins for the glasdceramic insulation, especially when loaded 
with metals or metal precursor powders. In these cases inert atmosphere pyrolysis would 
generate char residues rich in refractory metal compounds. 
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F. Cost comparison between SSC dipoles and block dipoles 

- ... 

It is absurd in general to argue pro or con the manufacturing cost of a superconducting 
magnet before one has built and tested model magnets and even pre-production prototypes. 
However, it is appropriate to address here one particular criticism which has been made on several 
occasions concerning the potential for cost savings pressing magnet technology to the high- 
field fiontier: “The cost of a high-field magnet is mainly in its superconductor. As one pushes 
field strength ever higher, the total quantity of superconductor for a given energy storage ring 
grows, hence the cost grows, so the magnet system cost will grow with field strength.” 

We have attempted to address this criticism by comparing the major cost elements which 
comprise as SSC dipole, whose costs are now well documented, to the analogous costs for a 16 
Tesla block-coil dual dipole. The SSC dipole cost was evaluated thoroughly during the final DOE 
review of the project. Figure 4-31 shows the evolution of the estimate of the cost per 16.5 m di- 
pole, as various cost-saving potentials were evaluated. The resulting cost per magnet was 
-$160,000, divided roughly equally between finished parts (superconductor, beam tube, cryostat 
components, collar laminations, etc.) and labor for assembly. 

To compare the block-coil dipole design to that of the SSC cos 8 dipole, we must com- 
pare conductor costs, the cost of parts other than conductor, and the labor for assembly. In con- 
sultation with Dr: McIntuB, who is familiar with all aspects of the SSC dipole fabrication and 
with the fabrication issues for Nb3Sn coils, we have endeavored to make a rough comparison of 
the two designs: 

Conductor. NbTi/Cu cable costs -$100/lb in production quantity. The total conductor cost for 
an SSC dipole is $40,000 ($2,53O/m). 

Nbs Sn/Cu cable costs -$300/ib in small-quantity today. There has never been a 
production-quantity application; suppliers estimate a quantity cost in the range $150-200/lb. The 
range of total conductor cost for a block-coil dual dipole would be $29,000-39,000/m. 

Magnet Parts. SSC dipole: Deducting the above conductor cost from the $80,000 component 
cost for an SSC dipole, the cost of all other finished parts is -$40,000 ($2,3 lO/m). 

Block-coil dipole: The number and size of finished parts (e.g. lamination pieces, 
beam tubes, He shells, end fittings for one block-coil dual dipole is roughly twice that for 
one SSC dipole. 

Magnet labor. SSC dipole: The labor cost for all assembly processes (coil winding; beam tube 
assembly; coil assembly and ground plane installation; lamination stacking and welding; 
collar assembly, prestress, and welding; iron lamination stacking, weldmg, and assembly; 
outer she3 assembly and welding) is -$8O,OOO/magnet ($4,84O/m) 

Bluck-coil dipole: The coil assemblies should be considerably simpler to build and 
position than those for a cos 8 dipole, but there are more of them. There is only one set of 
laminated collars, instead of the two sets (non-magnetic and magnetic) on a cos 8 dipole. 
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On the other hand the Nb3Sn coil assembly must undergo a reaction bake. Unless our new 
concept for inorganic B-stage insulqtion is successfitl, it will have to be vacuum impreg- 
nated just like the cos 6 dipoles. overall we estimate that the labor for fabrication of one 
block-coil dual dipole is roughly twice that to fabricate one SSC dipole. 

Table 3 presents a cost comparison of the overall cost of the dipole magnets for a 
6 = 40 TeV hadron collider, under the above assumptions. Two costs are estimated for the 
block-coil dipoles, corresponding to the low and high extremes of the conductor cost estimation. 
The range of costs for the block-coil case brackets that of the SSC dipoles: the magnet costs are 
likely to be comparable for given energy, given aperture, etc. For a 2.5-thes higher field 
strength, the tunnel cost is proportionately cheaper, and the siting of an ultimate-energy coflider is 
proportionately easier. 

There is one additional, more subtle potential for fiuther substantial cost savings. The 
block-coil design which is shown in Figure 4-4 and used in calculating the costs in Table 3 is de- 
signed to provide an aperture of 5 cm. As discussed above, both the physical aperture and the 
good-field aperture of the magnet are likely more than is required for an ultimate-energy, ulti- 
mate-field collider. The aperture of the SSC dipoles, which received a tremendous amount of at- 
tention during 1992, was increased to 5 cm primarily because the field quality and injection sextu- 
pole fields were marginal for collider requirements with the original 4 cm aperture. The field 4- 
culations to date indicate that both concerns may be in fact quite acceptable with a block-coil de- 
sign. The quantity of superconductor in the block-coil design scales as the square of the aperture. 
Reducing from a 5 cm to a 4 cm bore would reduce superconductor cost by 36%, total magnet 
cost by 30%. 

The original criticism regarding the cost of higher field is simply based upon a false as- 
sumption: the superconducting cable represents only -25% of the cost of an SSC magnet. There 
is real potential for cost savings and project enhancement by pressing the high-field fiontier. 
Whether the potential is real or not can only be found from the proposed R&D program. 

- 
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Figure 4-37. Cost analysis of the SSC dipoles, from final DOE review. 

. Table 3. Cost comparison of SSC dipole and block-coil dipole 
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. - .  
c .-  

Research Pian 

We have formed a collaboration with the Superconducting Magnet Program at Lawrence 
Berkeley Laboratory for the coordinated development of high field collider magnets which extend 
beyond the bounds imposed by NbTi superconductor and cos 8 coil geometry. It will be the only 
such efFort in the wodd, so far as we are aware. The task is an ambitious one: it took 20 years to 
fblly mature the conductor and-magnet fbbrication technologies for the current state-of-the-art. 
Thetask is mu@estly a long-term R&D project. It is however absolutely vital if we are to pre- 
pare a credible technology base for possible future hadron colliders to push the energy fiontier for 
high energy research. 

- 

We have developed a research plan for the first three years of the program, and an alloca- 
tion of tasks between LBL and Texas A&M. The plan and milestones are summanzed ’ below, 
with d e d  provided in the W B S  project schedule. 

The design and fabrication of all prototype dipoles will be carried out at Texas A&M. We 
are fe;;uestins fiom TNRLC the allocation of the short-magnet fabricaton facilities at SSCL. 
These facilities would give us an excellent basis for aIl aspects of magnet design and Mrication. 

We have also requested fiom TNRLC and DOE the allocation of a short-magnet test cry- 
ostat, a liquid helium refigerator system, and an ASS? magnet test electronics system which 
would support the testing of the dipoles at Texas A&M. Because of the necessity to plan our 
program with an absolute minimum of manpower, we plan to focus our hardware efforts during 
the first year entirely on commissioning the fabrication thiities and building the first two model 
magnets. LBL has agreed to test our first several rnagnets in their test cryostat. We plan to 
commission the refkigerator and the test electronics system during the-second year, that by the 
end of the second year we will be able to test magnets in-house. 

LBL has agreed to supply us with all superconducting cable as required for our short 
model magnets. Their role in that respect is 8 tremendous boost, because they are among the 
most knowledgeable and best equipped group in the world for cabling and testing NbSn cable. 
LBL also plans to work with GE in developing and evaluating high-field m S n  tape, utilizing 
GE’s tape process f .  If successfit1 that effort would yield tape suitable for use in the pipe 
dipole PST-1 in the third year. 

A summary list of the equipment which we are requesting fiom each of TNRLC and DOE 
follows the budget. - 

- .  . ... . 
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Year 1 Research Plan and Milestones 
0.13 Tesla cos 8 dipole tests (D20) 
The D20 magnet should be completed in late 1993. Instrumentation for its testing is being built 

at the same time. Testing will commence in early 1994. One Texas A&M graduate student will 
come to LBL for -6 months to participate in the testing (LBL support). 

Milestone: Test results to be presented and reviewed at the Erice High-Field Magnet 
Workshop, May 1995. 

1. NbTi block-coil dual dipole (BT-1) 
The BT-1 magnet is a block-coil dual dipole, using NbTi cable. Its geometry, coil dimensions, 
and construction approach will be taken exactly from that of the 16 Tesla Nb3Sn design. The 
purpose of BT-1 is to validate the field design, and to evaluate many practical issues of magnet 
fibridon: conductor placement tolerance, coil end strategy, preload strategy, and quench behav- 
ior. We may elect to use a B-stage epoxy insulation rather than vacuum impregnation, in order to 
evaluate some of the issues that will arise for the “inorganic B-stage” we plan to develop for use 
with m S n  coils. Because this magnet will be used for so many learning curves, it will be de- 
signed to be demountable so that we can try various coil, insulation, and preload approaches. 

Milestone: Magnet tests, in August 1995. 

2. Insulation development 
We plan to evaluate various options for a residglasdceramic “B-stage” insulation scheme. Most 
tests will be conducted on small coil samples, to evaluate cure cycles, mechanical and electrical 
properties after reaction bake, and helium percolation. Once practical processes are developed, 
test coils will be built and tested in a steel fl& shunt. 

Milestone: Insulation development report to May 1995 review. 

3. Nb3Sn block-coil dual dipole (BS-1) 
The BS-1 magnet will be our first prototype of the block-coil magnet with Nb3Sn conductor. We 
will adapt the design and fabrication processes according to what we learn fiom BT-1. Issues of 
particular importance for this first model are evaluation of winding, reaction, insulation, and pre- 
load strategies. The coil will be instrumented with LBL strain gages throughout the coil assembly 
to measure the distribution of preload and Lorentz stress during cooldown, as a hnction of field 
strength, and during quench. 

Milestone: Magnet testing in May 1996. 

4. NbTi pipe magnet (PT-1) 
PT-1 is another “learning magnet”. We will use NbTi conductor in order to validate the field de- 
sign, develop procedures for coil winding and assembly, and evaluate options for preload strategy. 
As with BT-1, all dimensions and design details will be taken directly fiom the Nb3Sn design, so 
that we can evaluate the design and fabrication issues. Like BT-1, it will be designed to be de- 
mountable so that many tests can be made. One issue will perforce ’3e different, however: PT-l 
will use NbTi cable, while the follow-on N b 3  Sn version may use tape conductor. 

Milestone: Magnet testing in July 1996. 
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Personnel (Gigatron) 

Principal Investigator. 
Peter M. McIntyre is a Professor of Physics at Texas A&M University. He has 

been devising new technology for accelerators for 15 years, including p i  colliding beams, 
beam cooling experiments, gas microstrip chambers, supederric magnets for hadron 
colliders, and of course gigatron. 

Physicists. 

gigatron for the past three years. 

and microfabrication techniques. 

Students. 

research on the gigatron technologies. 

room fabrication technology. 

instruments. 

Technicians. 

expertise in the techniques and equipment we use to metalize and etch silicon. 

operate, tune, and repair our various elderly process fabrication equipment. 

Jochen Trost is an Associate Research Scientist, who has been working on 

Yaoqi Pang is a senior technologist with particular expertise in materials science 

Bo Lee and Don Smith have both recently graduated after compleing thesis 

Howard Demroff has experience with microwave techniques as well as clean- 

Marcus Drew has built component elements of several of our fabrication 

Tim Elliott is an electronic technician and also a CAD designer. He has wide 

Tapan Maumdar is a technical physicist, with excellent hands-on ability to 

- 



Personnel (High-Field Magnets) 

The proposed project is an attempt to bring together a number of outstanding scientists, 
engineers, and technicians, half of whom are being laid off from the Super Collider, and a strong 
base of equipment from SSCL, to create a lean, mean team for design, building, and testing super- 
conducting magnets. The team comprises all of the skills and experience necessary to assure an 
efficient, successfbl magnet R&D effort. 

.. 

Principal Investigator. 
Peter M. McIntyre is a Professor of Physics at Texas A&M University, and has a number of 
accelerator accomplishments to his credit: invention of p p  colliding beams, beam cooling ex- 
periments at Fermilab, and development of the superferric design for collider magnets. 

Physicists. 
Sergio Pissanetzky is a Senior Scientist at the Houston Advanced Research Center. He has 
authored -50 designs for advanced superconducting magnets, including the supedemc col- 
lider magnets, a 4 Tesla whole-body MRI magnet, a high-current SMES test facility, and an 
open-geometry MRI magnet. Dr. Pissanetzky is author of MAGNUS, a 3-D Poisson code, 
and OPUS, a code which performs a constrained optimization of magnet design for multiple 
constraints and weighted pedormance criteria. 
Charles Meitzler is a Professor of Physics at Sam Houston State Unjversity. He has -15 
years experience with linear accelerators and r.f quadrupoles. During the past 5 years he has 
developed a state-of-the-art facility for precision measurement of high-field NMR spectros- 
copy magnets and of persistent-current joints for MR solenoids. 
Gan Liang is a Professor of Physics at Sam Houston State University. He is a metallurgist, 
and has worked for the past 5 years on the development of improved techniques for insulating 
Nb3Sn coils. 
Weijun Shen is a pre-doctoral Research Assistant at Texas A&M University. He has con- 
ducted most of the calculations which are the basis of this proposal. He worked at SSCL for 
2 years in magnet development, and built and tested several successfbl magnets there before 
joining Texas A&M two years ago. 
Damir Latypov is a post-doctoral Research Associate at Texas A&M University. He has 
spent the past three years calculating quench propagation in a variety of magnets, and in 
making some of the most definitive measurements to date to experimentally validate quench 
simulations over a range of coil parameters. 
Tarikh Jaffery has been a Scientist at SSCL. He has worked at both Fennilab and SSCL in 
testing the performance of the prototype magnets and the half-cell string at SSCL He is fa- 
miliar with all aspects of test design, hardware, and and procedure. 

Engineers. 
John Colvin is a senior cryogenic engineer at the Hoyston Advanced Research Center. He 
has -20 years experience at Fermilab and at HARC in design, operation, and debugging of a11 
forms of cryogenic equipment: refrigerators, compressors, cryocoolers, complex cryostats. 
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Richard Sims is a senior design engineer at SSCL. He has broad experience in project man- 
agement, and in design and operation of most of the equipment which would be used to fabri- 
cate and test short model magnets. 
Robert Wendt is a mechanical des&er and engineer who has designed and built a wide va- 
riety of magnet fabrication equipment and cryostats. He worked at Fermilab for 15 years be- 
fore joining SSCL. 
Lucien Plesia is an electrical engineer with four years experience in control systems and data 
acquisition. He is the most knowledgeable expert on the hardware and software of the ASST 
test system. 

Andrew Jlrisle is a senior accelerator technician, with 10 years of experience at Brookhaven 
and SSCL in all aspects of superconducting magnet-Mrication. 
Mike Hentjes is a senior accelerator technician, d t h  15 years of experience at F e d a b  and 
SSCL in building superconducting magnets, operating refigemtors, and CoMfUcting magnet 
measurements. 
Richard Applegate is an accelerator techr;ircian with 5 years experience in assembling, com- 
missioning, and operating the ASST system. 
Tim Elliott is both an electronic technician and a CAD draftsman of excellent ability. He is 
expert in a wide range of vacuum techniques and in electronic equipment operation and repair. 

' - *  

Technicians. 

~ 

H.M. Bizek et al., IEEE Trans. Plasma Sci. 16, p.258 (1988); 

B. Lee et al., "Knife-edge thin-fiim field emission cathodes", Proc. 1993 Particle Accelerator 

D.D. Smith et al., "The oxidized porous silicon field emission arraf', Proc. 1993 Particle 

C.A. Spindt et al., J. Appl. Phys.'47, p.7089 (1976). 
C.A. Spindt et al., "Field emission array development," Proc. 33rd Intl. Field Emission 

Symposium, B&lin, Germany, July 1986. 

Engineering, Texas A&M University, August 1991 (unpublished). 

1 

2H.M. Bizek et al., BEE Trans. Electron Devices ED-36, p.2720 (1989). 

Conf., Washington, DC (1993). 

Accelerator Conf., Washhaon, DC (1993). 
4 

5 

6 

. ' W.K. Yue, "Electron Field Emission in Porous Silicon," Dissertation, Department of Electrical 

*Bo Lee et al., Appl. Surface Sci. 67, p.66 (1993). 
9R.C. Jaklevic, L. Elie, W. Shen and J.T. Chen, Appl. Phys. Lett. 52, p. 1656 (1988). 

lo A. uhlir, Bell System Technical Journal 35,333 (1956). 
R.C. Jaldevic et al., J. Vac. Sci. Technol. 86, p.448 (1988). 

V. 
T. U n a g a  J. Electrochem. Soc. 127,476 (1980). 
D.R Turner, Suflme Chemistry of Metals d&micoductors, ed. H.C. Gatos, John Wiley & 

Sons, New York, 1960. pt ITI, p. 285. 
Y. Arita, J. Crystal Growth 45,383 (1978). 
R. Memming and G. Schwandt, Surface Sci. 13,265 (1969). 
T. Unagami, J. Electrochem. SOC. 127,476 (1980). 
R.C. Jaklaic et al., J. Vac. Sci. Technol. A6,448 (1988). 
M.I. J. Beale et al., J. Crystal Growth 73,622 (1985). 
P. Searson et al., J. Appl. Phys. 72, (1993). 

J. Electrochem. SOC. 140,2836 (1993). 
12 

13 

14 

I5 

c 
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Peter M. McIntyre 

DATE OF BIRTH: September 26,1947 
EDUCATION: B.A. degree, Physics, University of Chicago, 1967 

M.S. degree, Physics, University of Chicago, 1968 
Ph.D. degree, Physics, University of Chicago, 1973 

196%- 1969: Instructor, University of Chicago. 
1972--1974: Research Associate, Enrico Fermi Institute. 
1974-- 1975: Visiting Scientist, CERN. 
1975-- 1979: Assistant Professor, Harvard University. 
1979-1980: Group Leader, Internal Target Group, F d l a b .  
1980-- 1986: Associate Professor, Texas A &M University. 
1984--1991: Spokesman, Texas Accelerator Center. 
1993-1994: Director, Texas Accelerator Center 
1986-present: Professor, Texas A&M University. 
1988-present: President, Accelerator Technology Corporation. 
1990- 199 1 : 
1990-1991: 
1990-- 1993 : 

POSITIONS HELD: 

President, The American Physical Society, Texas Section. 
Associate Dean, College of Science, Texas A&M University. 
President, Board of Trustees, St. Michael's Academy, 

AWARDS &VI3 FELLOWSHIPS: 
Sloan Foundation Felfow, 1980--82. 
IR- 100 Award, 198 1 : electron beam development and electron cooling experiment 
Govemor's Citation of Merit, 1989, leadership in the Texas siting of the SSC. 

PATENTS: 
CUTS: continuous unitized tunneling system. 
Gigatron: a high efficiency microwave power source for linac colliders. 
Structured coil design for superconducting magnets. 
Pipe Magnet: compact dual dipole for hadron coiliders. 



Peter Mastin McIntyre 

Peter Mastin McIntyre is a Professor of Physics at Texas A&M University. He 
studied at the University of Chicago, where he received his PhD. in 1973. He performed 
experiments with colliding beams at CERN in Geneva, Switzerland until 1975, then joined 
Harvard University as Assistant Professor. While there, he participated in neutrino 
scattering experiments at Fermilab. In 1976 he was the first to propose to make colliding 
beams of protons and antiprotons using the large synchrotrons at Fedlab  and at CERN. 
This work led to the discovery of the weak bosons at CERN in 1982. He developed 
several techniques for cooling intense beams of antiprotons. In 1980 he was awarded an 
iRl00 award for the invention of a new technique for high-efficiency collection of intense 
electron beams. 

Since joining Texas A&M in 1980, he has conducted a search for magnetic 
monopoles in a nearby salt mine, and has participated in the construction and operation of 
the Collider Detector at Fennilab (CDF). Dr. McIntyre is an A.P.SIoan Foundation 
fellow, and is listed in Who's who in science LMCI Engineering. Dr. McIntyre was among 
the first to propose the construction of the Superconducting Super Collider and was a co- 
author of the Texas SSC site proposal. In 1984, together with F.R. Huson, he founded 
the Texas Accelerator Center, a university-based laboratory for advanced accelerator 
research, and served as its Director in 1993-94. He has led the development of the 
relational database and curriculum development environment software for Project 2061, a 
national program for reform of K-12 science education. He is developing educational 
software for high energy physics and accelerator physics. 

Dr. McIntyre is currently involved in three areas of research. He is participating in 
the CDF experiment at Fermilab, which is studying 2 TeV proton-antiproton collisions and 
has recently announced evidence for the top quark. He is developing new technology for 
hture high-energy colliders: gigatron, a new high-power microwave amplifier for future 
e'e' linac colliders; a 16 Tesla dual dipole for future hadron colliders; and targetry and 
cooling for a 1 TeV p+p- collider. He is developing the gas microstrip chamber, a new 
precision track chamber which offers excellent performance for high-energy collider 
experiments and also as an electronic X-ray camera for mammography. 
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143. W boson +jet angular distribution in pp collisions at & = 1.8 TeV. (with F. Abe et 
aZ.), Phys. Rev. Lett. 73,2296 (1994). 

142. Supersymmetry at a proposed & = 4 TeV upgrade of the Fennilab Tevatron. (with 
T. Kmon, J.L. Lopez, and J.T. White), Phys. Rev. Lett. 50,5676 (1994). 
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a!.), Phys. Rev. DSO, 2966 (1994). 
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ui.), Phys. Rev. Lett. 73, p. 225 (1994). 
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Lett. 72, p.3456 (1994). 

Phys. Rev. Lett. 72, p.3145 (1994). 
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Phys. Rev. Lett. 72, p.3004 (1994). 

137. Search for the top quark decaying to a charged Higgs boson i n  
jip collisions at & = 1.8 TeV. (with F. Abe et ul.), Phys. Rev. Lett. 72, p.1977 
(1 994). 
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(with F. Abe etal.), Phys. Rev. D48, p.R3939 (1993). 
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134. Prompt photon cross Section measurement in ijp collisions at & = 1.8 TeV. (with 
F. Abe et al), Phys. Rev D48, p. 2998 (2998). 

133. Measurement of the dijet mass distribution in jjp collisions at & = 1.8 TeV. (with 
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Study of porous silicon morphologies for electron transport. (with Y. Pang et ai.)7 
Proc. 1993 Particle Accelerator Cod., Washington, D.C., 17-20 May 1993. p. 271 1. 

The oxidized porous silicon fidd emission array. (with D.D. Smith e? ai.), Proc. 
1993 Particle Accelerator Cod., Washington, D.C., 17-20 May 1993. p. 2708. 

Knife-edge thin film field emission cathodes. (with €3. Lee et aZ.), Proc. 1993 Particle 
Accelerator Cod., Washington, D.C., 17-20 May 1993. p. 2705. 

Recent developments on gas microstrip chambers at Texas A&M. (with E.F. 
Barasch et d.), Proceedings of the 7th Meeting of the Am. Phys. SOC. Div. of 
Particles and Fields, 10- 14 November 1992, Fermi National Accelerator Laboratory, 
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