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ABSTRACT

We consider the impli -aticns of the fact that weak two

body scattering amplitudes, when calculated to all older:, in

any renormalizable model, should exhibit un'itary, analytic,

"Mandelatam' behaviour. We discuss, from this point of view,

the existence of neutral currents, the suppression of \> e

elastic scattering, and the possibility of lepton hadron

resonances. We review briefly the predictions for lepton'

lepton scattering of two models in which Mandelstam behaviour

is explicitly realized.
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I. Introduction

A few years ago Applequist and Bjorken made an observa-

tion which may be paraphrased as follows: let us suppose that

we are given a theory of weak interactions and that we use it

to calculate the lepton-lepton scattering amplitude A(s,t) to

all orders in the weak coupling constant. The scattering am-

plitude A(s,t) should satisfy our usual notions about unitarity

and analyticity; it would be very surprising if any decent

(renormalizable) theory could manage to fail such basic require-

ments. Thus, Applequist and Bjorken expect that it is reason-

able to write a Mandelstair representation for the resulting

leptor-iepton scattering amplitude; the double spectral function

must be snail fci- low s and t because the weak interactions are

weak at low energies. However, the double spectral function

nay well rise considerably toward the "unitary limit" energy of

•/i " 300 GeV where the low energy V-A approximation must fail.

In some theories, the Weinberg-Salam model for example, there

will be resonance poles (W*, Z, etc.) in one or more of the

s, t, u channels.

One can make a further observation based on mankind's

experience with Handelstam representation: Ho natter what

particles the theory starts wi'h, the final A(s,t) can not be

large in one channel only. If one begins with just t channel

poles, unitarity will generate large s-t and t-u double spec-

tral functions (in field theory language higher order

corrections, say t-channel ladders, will add up) and there

will be s and/or u channel scattering of roughly the same size-

as the original t-channel scattering.

He give, in section II, two illustrative examples froa

experiment of Handelstam behaviour in lepton-lepton scattering,

review briefly in sections III and IV two weak interaction

theories that exhibit Mandelstam behavior, in section V sum-

marize the predictions for lepton-lepton scattering in these

two models, and finally in section VI make a conjecture about

lepton-hadron scattering.

II. Two Examples of Handelstam Behavior

Consider v^e scattering (left handed e's only). He know

that at low energies the u channel process \>ee is present and

can be well described by a charged » pole. We therefore ex-

pect that (to the same approximation) there must be either an

s channel pole (dilepton resonance I or a t channel pole (the

Z coupling to the neutral current). These poles could be real

if the H meson exists; or if the H pole is just an effective

low-energy approximation the amplitude could just behave at

low energies as though an s or t channel pole existed. Thus

one could say that neutral currents are required by analyticity

and unitarity. These requirements can be summarized by saying

that the weak interactions, like the strong interactions.



should be dual.

Consider, on the other hand, v e scattering. He know the

scattering is well described by the absence of a u~channel

pole (because .- i> v ). He therefore expect that either (a)

neutral currents don't contribute or (b) there are s-channel

dilepton resonances. The data at present seems to indicate a

suppression of u e scattering as expected from (a).

These examples, while rather casual and qualitative, are

supported by experience with many systems and theories: in

Q.E.D., for example, photon poles in cr.e channel are always

accompanied by poles or bound states in another.

III. A Dual Gauge Theory

rake a model with two weak isospins, F-spin and W-spin,

and consider the scattering of two (left-handed, zero mass)

quartets

1/2, F.

-1/2. F;

1/2. F.

-1/2. F.

1 " l / 2

, » 1/2

j • -1/2

» - -1/2

with

as quantun number assignments. Assume for a moment degenerate

t and u poles with spin 1 and ask for the quantum numbers they

must have in order that (i) each amplitude Aj, F (with (W,F) -

(0,0), (0,1), (1,0), or (1.1)) have Mandelstam b.-hivior and

(ii) the amplitude be "universal" with the effectiv.- --ouplinq

to vee equal to that for v^u. The answer is that the vector

particles must have (W,F) = (0,0), (0,1), and (1,0) only; that

is they form a representation of SU(2) x SU(2) x Utl).6

From this hint one may construct a "dual" SBGT based on

SU(2) x SU(2) x U(l) with the leptons in a left-handed quartet

and two right handed singlets, eR and uR. In Ref. 7, we

choose scalar doublets to split the vector massus and scalar

quartets to give e and u non-zero masses. The quartets are

necessary to give duality in the scattering of (s-channel)

right-handed leptons with left-handed leptcas (here crossing

connects t-channel vectors with u-channel scalars). :n section

V we give the predictions for lepton-leptcn scattering, we

refer to this model as the DTV model.

IV. Scalar Model of Heak Interaction

A second aodel with Handelstam behaviour is the Scalar

Model of Heak Interaction (SMHI) of Rummer and Segre in which

V-A exchange is replaced by the exchange of pairs of heavy

scalar bosons (mass m) interacting with 7(l-v5)L where I is a

normal lepton and L is a heavy lepton (with mass M << m).

Renormalizability is assured by the boson being scalar;

an effective v-A interaction results from using the identity



p - m

One sees front the structure of the model that Mandelstam

heii£v.ioui' tor lepton-lepton scattering is built in from the

beginning in that the amplitude is given by box diagrams.

. e scattering vanishes in fourth order (but is allowed in

higher order).

V. Experimental Predictions

*•: '.••- evaluated ir. both of the abeve node Is the

proi-esseE £e - ^e ar.d > ye - v^e, the asymmetry in the crois-

section of e*e" - u*t~ and the polarization of one of the auonc

CA = ? * ? Sl"2 *
urn

"21

where a is a "Weinberg" angle and *i- are Higg's particles.

SHWI:

Weinberg-Salw Model:

C. » l / 2 * 2 sin2

For u • * v e we have

DTV Model:

The matrix element for each of the first two proceseea

can be written as

_, .. 1 .

<Sm
"22

and parameterized by the values of <L and C. (C and C . for

evaluated in the Weinberg-Salam model.

For vc

DTY Model:

we have

"21

SMWI:

sm [l' §



where f is the lepton heav>-lepton scelar boson ccupling, R

is the ratio of the mass of 'the charged scalar to the mass of

the heavy lepton. and I(R) is a known function of R with

1(1) » 1. n/H is the ratio of the charged scalar mass to the

heavy-lepton mass.

Weinberg Salan Model:

C'v - 1/2 - 2 sin
28w

The weak contribution to e*e~ * u+u" gives tanra in the

cross section which are asymmetric in the scattering angle,

i.e. the quantity

angle $, and the polarization of the ini: i-il br.Mm, s.

Wo * 1 + z
2 - s2(l-z2)cos.i*

For the symmetry D we have

DTY HOdel:

0 - -

where • ^ are also Higoi's particles.

X . 1

*12

da(8) - do(»-9)
do(9) + do(*-0)

is non-zero; it also gives non-zero values for the polarization

of the final - ~

p - do|h.+l - do'h.-l

' aolh~l * aolh~l

Weinberg-salan Model:

(h ie the helicity of the p").

These quantities are momt conveniently written in terns of the

cosine of the polar scattering angle, z, the c. of m. energy of

one bean, B, and a function H of z, the azisnithal scattering

For the polarization F we have



DTY Model:
11

I cos2** 22,1-5 cos2,)

"ll *U

VI. Lepton Hadron Scattering

Finally let us consider lepton hadron scattering.

amplitude A(s,t) for

v + p + e • n

P = -

These equations show that while v e scattering is appre-

ciable in all three models v e scattering nay be much saaller

in the DTY or SHHI than it is allowed to be in the Weinberg'

Salam model. In both models C'v can be zero and C' , although

it cannot be zero, can be small. This suppression of v e

scattering is the quantitative expression of our argument in

Sec. II. D and P can have almost any value* in the O R model

ranging from zero to something large if the masses of the

Higg'c scalar* are small. For convenient values of the scattering

angle* the Weinberg- Salam theory predicts D and p to be of the

order of 1%. In the SMWI D and P are at least twice as large

as th-s and, depending on the value of R. may tie much larger.

has a t-channel pole. W, (or at least an effective pole).

There is also a u-channel pole, the hydrogen atom.

The related process

v + p + p

has an effective t-channel pole, the neutral current (z) ex-

change. Mandelstam behaviour or duality leads us to expect

that effective s-channel or u-channel pcles must also occur

in this amplitude. Such poles will be non-electromagnetic,

lepton hadron resonances.1 They should occur at masses of

the order of the w. mass. They do not give rise to any non-

conservation of baryon number.1'1 In unitifed theories of

strong, electromagnetic, and weak interactions they should

arise from the continuation in q of the hadron-hadron

scattering amplitude (or the lcpton-lepton scattering ampli-

tude) into that for lepton-hadron scattering.

With the usual intermediate vector boson still unobserved,

the vp resonances must, of course, be viewed with caution. On
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the other hand we think the idea of checkiwj weak interaction

theories for Mandelstan (or dual) behaviour could he a useful

tool in choosing among then and in considering higher order

corrections.
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AN ADVANCED REFRIGERATION SYSTEM FOR THE
BROOKHAVEN SUPERCONDUCTING CABLE PROJECT*

J. E. Jensen

Introduction

During the past four years, studies of helium refrigerators, refri-

gerator components, and methods of cooling as applied to superconducting

power transmission systems have been a major item in the Brookhaven National

Laboratory (BNL) Superconducting Cable Project. At this point in time a

number of decisions regarding the cryogenic system components have been

made while others are still awaiting completion of laboratory tests. The

basic supercritical refrigerator has been ordered and a description will be

given. The present status of the cable enclosure and the types of cooling

schemes being considered will be presented with some examples of laboratory

results and computer analysis.

Experimental Refrigerator

One year ago the specifications were completed for the supercritical

refrigerator to be assembled and tested at BNL, starting early in 1976.

Although efficiency was recognized as important, the major emphasis was

placed on reliability. The specifications were written to reflect this

emphasis with regard to the type of components that would be acceptable as

part of the refrigerator. The components so specified are: 1) the compressor,

2) the expanders, and 3) the heat exchangers.

The compressor was specified to be a semi-hermetic, oil-injected screw

compressor. The semi-hermetic unit was chosen because there are no rota-

ting or sliding seals necessary to exclude air from the helium. The oil-

injected screw compressor was picked on the basis of its documented opera-

tion on other gases, such as freons and ammonia. Present records show

Work performed under the auspices of the U. S. Energy Research and
Development Administration and the National Science Foundation.

DISTRIBUTION OF. THIS DOCUMENT IS UNLIMITEp



-2-

such machines have been operated in excess of 50,000 hours without failure

or extended down time for maintenance. In order to obtain this high degree

of reliability, injection of oil into the compressor is necessary with

resultant contamination of the helium. The problem of purifying the helium

following compression was investigated thoroughly and found to be soluble.

Since the time of the order, a ISO horsepower compressor of this type

has been obtained and put on test at BNL (Fig. 1). This single stage

machine has been operated at various pressure ratios and inlet pressures to

determine the operating characteristics. The volumetric efficiency under

all test conditions is consistently 807. or greater, and the final discharge

temperature of the helium-oil mixture has never exceeded 70° C. The

temperature reached during compression is extremely important because of

the oil. If the temperature is too high the oil will be broken down and

the hydrocarbon fractions will be difficult to remove. In this machine,

however, the rather modest temperatures indicate that the oil can be removed

efficiently at or near ambient temperature by standard adsorbtion methods.

This point has been confirmed in a paper by Ishizuka, et al , where tests

of a similar machine with an oil removal system showad 40 parts per billion

hydrocarbons in the effluent helium. The compressor at BNL is presently

being instrumented with gas analysis equipment to test and perfect the oil

removal system. In the meantime, a 3S0 horsepower compressor of the same

type has been built and will be delivered this month.

The expanders for the refrigerator were specified to be gas-bearing

turbines. Again, the primary reason for choosing this type of expander

was reliability. Other advantages are that this type of expander cannot

be a sourci of contamination of the low temperature helium streams, and

in large sizes has efficiencies in the 807. range. The turbines for this

refrigerator will be bench tested this month at Sulzer Bros., Ltd.,

Switzerland, prior to shipment to the U.S.

The heat exchangers selected are of the brazed aluminum fin-plate

type for reasons of economy and availability. They were specified to be

mounted in a horizontal high vacuum enclosure in order to keep the overall

height as low as possible.
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Figure 2 shows an artisc's sketch of the refrigerator with the long

vacuum enclosure containing the heat exchangers on the left, and a smaller

vacuum enclosure with the turbines mounted in the top on the right. The

separate vacuum enclosures were specified so that modifications can be

made on one without affecting the other, and also to allow easy access to

the turbines and turbine connections. The flow schematic is shown in

Fig. 3, and Fig. 4 gives the nominal thermodynsmic cycle parameters. The

parameters as shown will given a refrigerator of 500 watts capacity between

6 and 8 K, plus 1.5 g/s of helium flow for terminal cooling, with a compres-

sor flow of 99.3 g/s. The compressor was purchased with a mass flow rate

of 130 g/s, and chis larger mass flow was designed into the refrigerator.

The present capacity should be in the region of 700 watts. The completed

machine is scheduled to be installed at BNL during January and February of

1976. Following installation it will be tested and allowed to run on an

internal heat load until maintenance is required or the cable enclosure is

ready to be connected. The objective is to run for as many hours as is

possible to prove the reliability of the components.

Cable Enclosures

In a paper concerned with refrigeration and helium cooling systems

it may seem strange to consider the cable enclosures; however, in studies

of electrical transmission systems it has been found that the enclosure

had a strong effect on the cooling system as well as the overall economics, so
2

they must all be treated together. At the beginning of the BNL project, a

program of enclosure design and analysis was started. To date, two en-

closures have been tested. One more is being prepared for test, and a fourth

is being constructed. The first enclosure was a simple tube-within-a-tube,

the radial space between the tubes filled with 5 cm of multilayer insulation,

and the joint between sections a simple male-female bayonet (Fig. 5).

Tests on.this design showed that 24.4 m lengths would have a heat

leak of 0.45 watts/meter-length; however, a major portion of this

heat was due to the joint. It was also shown that the joint heat leak

was sensitive to the pressure in the inner tube, with the amount increasing

as the pressure was increased. The bayonet type joint was rejected for
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further designs, but the advantages of using only multilayer insulation

and high vacuum without the complication of intermediate temperature shields

was felt to be worth further consideration since only 0.16 watts/meter-length

was contributed by the insulation and supports.

The second enclosure to be tested was the Kabelmetal design (Fig. 6) as
3

reported on by Dean and Jensen. This enclosure with a liquid nitrogen

shield has a heat leak of 0.1 watts/meter-length to the helium space and

3 watts/ineter-length to the nitrogen shield. This particular enclosure is

21 m long and has been installed in the laboratory for long term use for

high voltage testing of cable dielectric samples and methods of cooling.

The third enclosure, designed and constructed by Cryenco, is presently

being instrumented for testing. This design should have the lowest heat

leak of any that have been tested, but is of a very complicated design. In

the vacuum space there are three concentric shields cooled by helium or

nitrogen. The middle shield is cooled by injecting liquid nitrogen or

nitrogen temperature helium gas into a tube attached to the shield along

the length of the enclosure. When this coolant stream reaches the far

end, it is returned through a similar tube attached to the outer

shield. The inner shield is cooled by the helium gas that has traveled

the length of the enclosure through the inner tube, containing the cables,

and is then returned to the refrigerator through a tube attached to the inner
2

shield (Fig. 7). This design was used on the Lilco Study with the result

that the enclosure cost for that system was 40% of the total, while the

refrigeration costs were less than 10% of the total. These cost figures

were so dramatic, that a complete review of enclosures, refrigerators,

and coolitig schemes was instituted.

The fourth enclosure, BNL II, was instituted after the above tests

and studies were completed. Again, as with the first enclosure, the

objective is the simplest possible design commensurate with reasonable

heat leak. The design is similar, again being the simple tube-in-tube;

however the radial spacing has been increased to 7.5 cm and the joints

between sections are of the re-entrant type similar to the Cryenco design.

That the heat leak will be greater than either the Kabelmetal or Cryenco

designs is accepted; however, it is believed that the cost can be reduced

by as much as 507. while not more than doubling the refrigeration costs.
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The BNL II design will be tested late this year, followed by any design

modifications, prior to ordering approximately 150 m for installation at

the 5th Avenue Test Site at BNL.

Cooling Method Studies

There has been a great deal written about methods of cooling super-

conducting cable systems. Some schemes use pumps to circulate the helium

refrigerant, while others use the main compressors to force the circulation.

In all of these systems there are two streams of helium required, one leaving

the refrigerator station and traversing some length of the line before it

is turned around and sent back to the refrigerator station. These systems

all have one thing in common, that the supply and return streams must be

thermally isolated from one another even if they are both used to remo >

heat from the cable system. Recent studies at BNL have shown that with

some modifications to the refrigerator and cooling scheme, this thermal

isolation is not necessary and in fact the overall efficiency of the system

as a whole can be increased if the two streams are in thermal contact. The

main point of the new scheme is to make the cable and cable enclosure part

of the refrigerator (Fig. 8). Scheme (a) is the familiar system with

thermally isolated supply and return, and scheme (b) is the proposed system.

In order to test out this new cooling scheme, the 21 m Kabelmetal

enclosure was modified with an expansion engine placed at the end away from

the main refrigerator. The flow schematic is shown in Fig. *>. This system
3

has been operated and the results reported by Dean, One of the temperature

profiles from these tests is shown on Fig. 10. Recently, a dielectric

sample cable was installed in this enclosure and refrigerator system. The

sample was cooled and maintained at acceptable temperature and pressure

conditions for high voltage testing. (Soviet experts were present for

these first tests of the dielectric samples.)

In order to more fully understand the heat transfer, fluid flow and

overall thermodynamics of the various schemes, a computer program has

been written which models the cable system. This program searches for a

solution within desired input parameters such as: inlet pressure, maximum

allowable temperature, length, degree of thermal coupling, and temperature

difference between the supply and return streams at the refrigerator end.

Also, expanders may be placed at either or both ends. The output consists
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of the temperature and pressure plus other pertinent heat transfer and

thermodynamic properties of the helium refrigerant streams at incremental

distances along the length of the system. The mass flow rate is optimized

by the program. All helium properties are calculated using the NBS computer

programs which are based on real gas properties.

Studies using this program were just started during the last month;

however, some interesting results have been produced. BNL is presently

studying a possible application of superconducting transmission in a planned

electrical network. Calculations of the electric system requirements have

been completed and work on the cryogenic systems have recently started.

The first calculations are based on 6 km cooling lengths with internal

electrical heat generation of 0.6995 w/m, and an enclosure heat leak of

0.65 w/m, for a total heat load of 8073 watts. Three cooling schemes have

been considered, the first (shown in Fig. 8a) uses a refrigerator end expan-

der with the supply and return streams thermally isolated from each other.

The supply stream removes the electrical heat and the return stream the

enclosure heat leak. The second scheme uses an expander at the far end

of the line with the two helium streams in thermal contact, and the third

consists of expanders at both ends with the streams in thermal contact.

The temperature profiles (Fig. 11) are for the first scheme showing

the supply and return stream temperatures along the 6 km length. As would

be expected, with the two streams thermally isolated, the plots are very

nearly straight lines, with the deviation from linear due to the non-linear

properties of helium. The mass flow rate is 0.833 kg/s with a £1 » 0.4° K

at the bottom of the final refrigerator heat exchanger. When these values

were used as input to the refrigerator program, the input compressor power

was calculated to be 2083 kw which gives percent of Carnot efficiency of

16.37.. With this system it is very important that the AX of the final heat

exchanger be small for maximum efficiency, but this must be balanced by

the cost of constructing the exchanger.

A similar plot (Fig. 12) of the temperatures along the line when the

expander is placed at the far end of the line and thermal coupling of the

two streams is allowed produces a very different profile. The flow rate
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is 0.384 kg/s with a AT • 0.4° K refrigerator entrance and exit. The

compressor power is 1954 kw and the efficiency is 18.37.. Another computer

run was made with the <ST » 1.0° K with the result that the compressor power

was reduced to 1755 kw and the efficiency increased to 20.4%. This repre-

sents a 25% increase in efficiency over the first scheme.

The temperature profiles for a system with expanders at both ends

(Fig. 13), used a 41 * 0.4° K and a return stream pressure of 0.67 MN/m .

The flow rate is 0.413 kg/s, and the compressor power 1476 kw which gives

an overall efficiency of 22.1%. As in the first scheme, increasing the AT

results in an increase in the input power required.

The preliminary results show that either of the last two schemes is

more efficient than the first. There are still a number of different

parameters which are to be studied. However, there are other obvious advan-

tages favoring the last two schemes. Some of these are:

1. There is no need for providing a high quality insulation

between the two streams, which should result in a less complicated and

therefore cheaper enclosure.

2. If the high pressure supply stream is contained within the

cable, and the low pressure stream occupies the larger volume of the

cable enclosure, the amount of helium inventory required is substan-

tially reduced.

3. Lower pressures in the return stream will allow the cable

enclosure to be designed with thinner walls.

4. The two expander schemes may have a large advantage for use

in areas where the cable must traverse regions with substantial changes

in elevation.

Summary

The results of the above described work emphasizes the necessity of

considering all aspects of the cryogenic system together in order to

achieve optimum systems from both technical and economic points of view.

With this in mind, the BNL group plans to continue these studies. The

present work does not consider non-steady-state conditions within the
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sysEem such as cool-down, warm-up, and eleccrical system faults. Work will

start immediately to produce a program modeling cool-down.
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Figure 2. Conceptual sketch of BNL experi-
mental refrigerator.
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INTERNAL PIPE SUPPORT

FEMALE BAYONET END

OUTER TUBS 203 O.D. x 3.4 MH WALL CARBON STEEL
MALE BAYONET END

MULTILAYER INSULATION IN VACUUM

\
HELIUM TUBE 102 O.D. x 2.1 MM WALL STAINLESS
STEEL '

Figure 5. Assembly drawing of BNL I
enclosure.



HELIUM TUBE - STAINLESS STEEL
7 5 . 8 ID x 8 5 . 6 OD x 0 . 5 MM WALL

TEFLON SPACER

VACUUM SPACE
5 LAYERS MULTILAYER INSULATION

STAINLESS STEEL SHIELD
90 ID x 1 0 9 . 2 OD x 0 . 6 MM WALL

STAINLESS STEEL SPACER

SHIELD GAS SPACE

STAINLESS STEEL SHIELD
127 X.D. x 142.90D x O.f MM HALL

POLYETHELENE
SPACER

VACUUM SPACE
40 LAYERS MULTILAYER INSULATION

COPPER TUBE
195 I.D. x 21.6 OD x 1.3 MM W

— PROTECTIVE COATING

TEST LENGTH - 21 METERS

Figure 6. Construction details of Kabelmetal
enclosure.
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Figure 7. Cross-section of Cryenco enclosure
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Figure 8. Cooling schemes under study



NOTE: NUMBERS REFER TO THERMOMETER LOCATION

FROM THE
REFRIGERATOR

GO RETURN
CRYOGENIC ENCLOSURE-

REMOTE
EXPANDER
12

COOLING CHAWEL
50 W

HEATER
-SIMULATEO TEST CABLE

Figure 9. Schematic diagram of flow path
for Kabelmetal testa
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Figure 10. Temperature profile, expander
operation with heat added between
points 10 and 11.



SINGLE EXPANSION - REFRIGERATOR END

DTK » 0.0 w/ro-K. 7?e = 0-7»- m = 0.833 kg/s

- 0.4°K

.RETURN ft? 1.5 MN/in2

UPPLY J5* 1.5 MN/m2

EXPANDER DISCHARGE

1.8 2.4 3.0

LENGTH, km

4.2 4.8 5.4 6.0

Figure 11. Computer constructed temperature
profile with refrigerator end
expander
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SINGLE EXPANSION - FAR END

DTK • 0.023 w/m-K; tt = 0 .7 , Ih =0.384 kg/«

AT * 0.4°K

. SUPPLY 3* 1.5 MN/m2

RETURNS 0 .3 MN/ra2

>EXPANDER

0 0.6 1.2 1.8 2^ O 3T6 4^2 4 ^ 5T4

LENGTH, 1cm

Figure 12. Computer constructed temperature
profile with expander at far end



DOOM* EXPANSION

OIK • 0.023 w/m-K,

AT - 0.4°K

0.7, it - 0.413 kg/s

EXPANDER

MTOMI a* 0 . 6 7

EXPANDER DISCHARGE

0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0

LENGTH, km

Figure 13. Computer constructed temperature
profile with expanders at both
end


