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Summary

The object of this paper is to identify the
many low temperature aspects of a cryogenic actel~
erator and to indicate how these are related to
the operating characteristics which might ultimately
be achieved.

I. Introduction

By exploiting the unique properties of matter
at low temperature it is possible to construct an
electron linear accelerator (electron linac) with
characteristics far superior to those of present
conventional linacs. The near-zero RF surface re-
sistance of superconductors and the near-perfect
heat transport properties of superfluid helium, in
combinetion, offer an elegant solution to the
technical problems of constructing a linac with
near-ideal characteristies. The cryogenic linac
would make important new areas of physics accessible
to experimentation.

A. Conventional Linac Characteristics

The design of an electron linac is dominated
by the RF surface resistance of the metal from
which the accelerator structure is fabricated.

For a given energy gradient the surface resistance
determines the microwave power requirement. In
turn, this power requirement directly affects the
duty cycle and the energy gradient of an electron
linac and indirectly influences the ehnergy resolu-
tion and the average current.

The power required to generate the accelerat-
ing fields in the RF structure is given by

B /L2

T T (1a)

where V/L is the energy per unit length gained
by the electrons and r 1is the shunt impedance
per unit length. The shunt impedance per unit
length can be expressed as

(1p)

where G 1is a geometrical factor which increases
linearly with frequency and R is the surface
resistance of the metal. TFor a copper structure
operating at room temperature and 1 GHg5

¢ = 2.25 X 10° ohm? em~1, R = 7.5 x 10" ° chm and
r = 0.3 X 105 ohr cm-1. An energy gradient of
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**#%#This value of the shunt impedance is appropriate
to the standing wave bi-periodic n/2-mode structure.

2 Mev per foot thus implies a power dissipation in
the copper accelerator structure of 1.0 X 106 watts
per foot.

RF power of 106 watts per foot can be provided
by high power klystrons, but only for short pulses
at low repetition rates. The fraction of the total
time that the RF power is available and therefore
that electrons. can be accelerated is typically
10~3. This time factor is called the duty cycle
of the accelerator.

The very large amount of RF power regquired to
generate the accelerating fields in a conventional
electron linac also limits the energy gradients
which are obtained. Typically, electron linacs
are designed for maximum energy gradients of 2-4
Mev per foot. Although it would be possible to
achieve significantly higher gradients, these are
not practical since the RF power requirement in-
creases as the square of the energy gradient.

The pulsed operation of conventional electron
linacs limits the energy resolution of the emerging
electron beam. Typically, the electron beam pulse
is one or at most a few microseconds in duratiocn.
As a result, transients are important and are, in
fact, the principle limitation on energy resolution.

Finally, the low duty cycle operation (= 10-3)
implies that very large peak currents must be
accelerated if substantial average currents are to
be obtained. Ultimately, the peak current is
limited by beam-break-up or by the peak microwave
power requirements.¥

B. Cryogenic Linac Characteristics

As described in the preceding paragraphs, the
magnitude of the surface resistance exerts a major
influence on the design and operating characteristic
of an electron linac. Urnfortunately, apart from
drastic revisions such as those contemplated in the
cryogenic accelerator, little can be done to im-
prove the surface resistance. It is impossible to
decrease substantially the surface resistance of
normal metals because of the ancmalous skin effect.
Even if the dc conductivity of copper were to
approach infinity, as it should as the temperature
approaches zero, the surface resistance at 1 GHz
would only decrease by a factor of 6.7 below its
observed value at room temperature. Although this
limitation applies to all normal metals, it does
not apply to superconductors. The RF surface re-
sistance of a superconductor decreases rapidly as

* Usually the energy gradient is given primary
consideraticn in the design of electron linacs.

At present time, however, MIT is constructing an
electron linac in which the duty cycle, the energy
resolution, and the average current are improved
at the expense of the energy gradient.
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the temperature is reduced below the transition
temperature and, irn principle, it vanishes expon-
entially in the limit T — O.

The poterntial gains to be achieved in a
cryogenic accelerator are enormous. First, the
near-zero surface resistarce of superconductors
makes it possible to generate the desired acclera-
ting fields at RF power levels on the order of
watts per foot. The RF power requirements are,
in fact, set by the beam power desired, since the
power dissipation in the structure walls is small
by comparison. Thus the RF power can be provided
by a low power continuous wave (CW) klystron and
the cryogenic accelerator can be operated at unity
duty cycle. Second, in principle, the energy
gradient can be increased appreciably. Due to the
near-zero surface resistance of superconductors
the energy gradient is no longer limited by power
requirements, but only by magnetic or electric
breakdown. In principle the breakdown phenomena
might allow energy gradients as high as 16 Mev per
foot in a standing wave structure. Third, it
should be possible to improve the energy resolution
substantially, perhaps to one part in th. In a
linac which operates continuously transients will
no longer determine the energy resolution. Further,
with CW operation, it is relatively easy to use
feedback to regulate the energy. Fourth, the
cryogeric accelerator could be an attractive way
to achieve high average beam current. Most of the
RF power is converted to beam power and even for
average currents of many milliamps the power could
be provided by CW klystrons with no modulators.
Thus the RF power is relatively inexpensive.

The operating characteristics of a cryogenic
accelerator menticned above are, of course, opti-
mistic. Achieving the ultimate in any one of these
operating characteristics involves a number of pro-
blems of significant proportions. These problems
are considered in the later sections of this paper
from the point of view of low temperatures. For-
tunately, the properties of matter at low tempera-
ture conspire largely in our favor.

C. Low Temperature Aspects

The implications of operating an accelerator
in a cryogenic environment must be considered from
mary points of view. Of primary importance, how-

In addition, one must provide the RF power that is
absorbed by the beam, but since this is common to
both the conventional linac and the cryogenic linac,
it will be neglected.* If the cryogenic linac is

to operate with the same total power consumption,
the RF power dissipated at helium temperature must
not exceed a few watts per foot. According to the
second law of thermodynamics, one watt of power
removed at the temperature T requires a power in-
put of approximately SOO/T watts at room temperature.
Present refrigerators operate at roughly 10% of this
Carnot efficiency and therefore =~ 1.5 kilowatts is
required to remove one watt at the expected operat-
ing temperature. A power dissipation of a few watts
per foot requires a surface resistance of =~ 2 X 10~
ohms. It is shown in Sectior II that this value of
the surface resistance can, in principle, be achieved
in superconducting lead or niobium at temperatures
just below 2°K. At 4,2%k by comparison the surface
resistance is 50 to 100 times larger.

Power dissipation at helium temperature of a
few watts per foot is also consistent with the ob-
jective of maintaining the initial cost of & cryo-
genic linac at levels comparsble to the conventional
linac. The initial cost of a refrigerator that will
remove 100-1000 watts at a temperature just below
20K is $lOOO-$1500 per watt. This is a substantial,
but also a reasonable contribution to the total cost
of the cryogenic accelerator.

For successful operation of a cryogenic accelera-
tor it is essential that the temperature be less than
20K. We have already noted the "economics" involved
in the choice of an operating temperature. The low
temperature is equally important ir achieving thermal
and mechanical stability. As discussed in Section
III, this stability is extremely impoﬁtant in achiev-
ing energy resolution approaching 10~7. Of greatest
importance here is the fact that below 2°K liquid
helium is a superfluid. The accelerator structure
can be totally immersed in a thermsl reservoir that
is near ideal. The specific heat per gram of super-
fluid helium near 29K is the same as that of water
at room temperature. The large specific heat coupled
with the near-perfect heat transport properties of
the superfluid makes it possible to distribute the
power dissipated in the accelerator rapidly through-
out a large thermal reservoir. Further, the thermal
conductivity of commercially available metals is as

ever, is the guantity of RF power that is dissipated great at helium temperature as at room temperature.

at heliuvm temperature since the largest contribu-
tor to the initial cost and the operating expense

Thus one can produce an enviromment at helium tem-
perature that is far more stable than possible at

of a cryogenic accelerator is the helium temperature room temperature.

refrigerator. Let us assume that a cryogenic elec-
tron linac should be constructed and operated at
costs comparable to a coaventidnal linac. Since
the operating characteristics of a cryogenic
accelerator can be distinetly superior to those
of a conventional linac, this criterion is rather
strict. However, achieving this objective is
clearly desirable and is, in principle, possible.
Consider first the operating expense of a
linear accelerator. As noted earlier, the peak
power dissipation in a conventional linac is
approximately 106 watts per foot. The average
power dissipated at a duty cycle of 1073 is then
10% watts per foot. The efficiency of the kly-
stron and the associated modulators might increase
the power consumption to 4 X 10° watts per foot.

There is another advantage that follows simply
from the large thermal capacity of the superfluid
helium reservoir. If a cryogenic accelerator is
designed to operate with unit duty cycle at an en-
ergy gradient of 3 Mev per foot, it would be possible
to increase the gradient if the duty cycle is de-
creased™™ The condition to be satisfied is that the

*In estimating operating costs we have alsc neglected
replacement costs of klystrons whick is important.

We assume that this cost is also common to both lin-
acs although the low power CW klystrons used in the
cryogenic linac are less expensive and might reason-
atly have longer operating lives than high-power
pulsed klystrons.

**Alternatively, if the surface resistance is, say,
an order of magnitude greater than calculated, one
could compensate by reducing the duty cycle.
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average power dissipation must not exceed the power
+hat can be removed by the refrigerator. The su-
perfluid reservoir acts as a buffer between the
power dissipated in the accelerator and the refri-
gerator, matching the fractional duty cycle of the
former tc the wnity duty cycle of the latter. The
thermal capacity of the superfluid reservoir is
sufficiently large that for, say, a 10% duty cycle,
the beam pulse could be many seconds in duration.
Thus the basic operation of the cryogenic accelera-
tor would rot change markedly for such pulsed
operation.

In discussing thermal stability above it was
instructive to consider the role of the superfluid
as that of providing a reservoir for thermel energy.
At the same time, one can look at the role of
superconductivity as that of providing a reservoir
for RF energy. A very sizeable amount of RF energy
is stored in an accelerator structure at 1 GHz and
% Mev per foot. Since the cryogenic linac can oper-
ate at unity duty cycle,large peak currents are not
required and thus energy is extracted from the
structure quite slowly.
the accelerating fields camnot change appreciably
in times much less than milliseconds. This long
time simplifies considerably the requirements on
the RF system.

Pulsed operation, of a different sort than
mentioned above, is required in physics experiments
employing time of flight techniques. For time cf
flight experiments a subnanosecond burst of elge-
trons followed by a dead time of perhaps lO-lO3
nanoseconds is required. This mode of operation
would require a special injector, but could be
accomodated in a cryogenic accelerator with no
further modifications. The current from the in-
jegtor could easily be inereased by a factor of
10° during the beam pulse and thus even for a 10
ranosecond dead time the average current could
remain unchanged at a few hundred microamps. Again,
the superconducting structure provides a reservoir
for RF energy. This reservoir acts as a buffer
between the pulsed beam and the CW klystron, match-
ing the fracticnal duty cycle of the former to the
unit duty cycle of the latter. In fact, for the
sort of pulsed operation required in time of flight
experiments, the cryogenic accelerator is an ideal
pulsed machine.

We have attempted in this introduction to in-
dicate how the various properties of matter at low
temperature can be utilized in combination to
achieve significant improvement in the operating
characteristics of an electron linac. By designing
the first cryogenic accelerator with the ultimate
objectives in mind, one reaps a two-fold benefit.
First, this approach provides a substantial margin
of safety if in the early development one must
settle for less dramatic improvements. Second,
one has prepared the way to utilize improved tech-
nigues as they develop.

ITI. RF Power Dissipation

The RF power dissipation, as indicated in the
Introduction, affects all of the important opera-
ting characterstics of an electron linac. Among
these characteristics the RF dissipation influences
the duty cycle most directly. The RF surface re-
sistance is the primary factor in determining the
power dissipation. In this section the surface

As described in Section IIT,
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resistance of superconductors and the influence of
this resistance on the choice of the operating
temperature and on the duty cycle are discussed.

A. Theoretical Surface Resistance of Superconductors

According to the theory of Mattis and Bardeenl
the properties of the superconductor that determine
its surface resistance are the energy gap, e, the
London penetration depth, Ay, the Fermi velocity,
vp, the coherence length, ¢, and the electron mean
free path, £. In the limit that £,t > A the
surface resigtance can be expressed in a relatively
simple form:

L
R -_—
s 2 ,2.4/3 b7/ e ) % 3 1 -3
==z (=) [% (—é—)-0-5772 (=) ms e
R, 3 I Hwy e o€ X/ e (kT7e)
(2)
R, 1is the normal state surface resistance in the
eanomalous limit and is given by

o [Bed]

Ter ¥o g
The dc conductivity o 1is proportional to the elec-
tron mean free path; therefore the normal state
surface resistance is independent of temperature 'in
the ancmalous limit. Equation (2) indicates that
the reduced surface resistance of a superconductor,
Rs/Rew, 1S a universal function of a reduced tempera-
ture, kT/e, and a reduced frequency, ﬁm/e. Further,
the temperature dependence and the frequency depen-
dence are nearly separable.

The simple expression for the surface resistance
is quite instructive. From Eq. (1) it can be seen
that for a given ernergy gradient the RF power dis-
sipated per unit length in a cryogenic accelerator
is proportional to Rg/w. Using Egs. (1) and (2)
above we have approximately

ohms

(3)

exp(35s) - ()

It is clearly desirable to choose a superconductor
witk a large energy gap and to operate at low fre-
quency and low temperature. Note that for a normal
metal at room tempirature the power dissipated is
propo;tional to &% (R in this case is propoartional
to af) and thus higher frequencies are favored.

In contrast, for a superconductor the power dissipated
is proportional to wand thus lower fregquencies are
favored.

Among pure metals the superconductors with the
largest energy gaps are lead and niobium. To achieve
unity duty cycle operation in a cryogenic accelera-~
tor even for these superconductors, it is desirable
to operate at temperatures below 29K. Calculated
values of the surface resistance at 1 GHz for copper,
lead and nicbium are given in Table I for several
temperatures. As indicated in the table, the sur-
face resistance of lesd and niobium is 50 to 100
times larger at 4.2°K than at 1.85°K. It should be
noted that the values of Rg given in the table
were not calculated from Eg. (2), but rather were
numerically calculated™ from the theory of Mattis
and Bardeen including the effects of a finite co-
herence length. The finite ccherence length changes
the temperature and frequency dependence relatively
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TABIE I
Theoretical Surface Resistance at 1 GHz
Material Temperature  State R
(°x) (ohms }
Copper 300 N 7.5 X 10-3
0 N 1.35 X 1073
Lead h.2 sC 6.3 x 1077
1.85 sc 9.8 x 1079
: L
0 N 6.2 X 10
Nicbium L.p sc 7.7 x 1077
1.85 30 5.0 % 109

little; its effect is largely to increase the sur-
face resistance by a multiplicative factor. Values
of the parameters used in the calculations for lead
and nicbium are given in Table II together with
parameters appropriate to aluminum and tin. The
ratios t/M and Rg/Ry (& = =) are also given in
Table II. The finite coherence length increases

Ry substantially when ¢ becomes cf order Jp.

however, we have consistently produced TEOll mode
cavities electrcplated with lead for -which Q's of
a few times 109 are observed.® This is an impro-
vement of a factor of =~ 107 compared to roam tem-
perature copper cavities and an improvement of

= 100 compared _to previous work..  Recently Q's as
high as 6_X 10° have been measured in nicbium
cavities.? Although niobium is not yet competitive
with lead, this is a substantial improvement over
our earlier experience and is promising for the
future.

To achieve the extremely low losses essential
to the cryogenic accelerator requires very careful
consideration of experimental technigue. There are
many extraneous sources of loss which can cccur.
Some of the losses observed in particular experi-
ments are not related to the superconducting
surface. For example one can have losses in the
coupling netwerk or in joint where the cavity is
assembled. Our interest here is in losses associa-
ted with the superconducting surface itself. We
will be content to identify and to comment briefly
on the sources of residual loss that we have clearly
observed or that we suspect. It is important to

TABLE IT

Physical Parameters for Several Superconductors

Material Ec e(0)/kT v X 1078 Ay X 105 £y X 20" gO/A.L Rs/Rs(g = )
(°x) (om/sec) (cn) (cn)

Aluminum 1.18 3.k 1.32 1.57 1.6 102 1.5

Tin 3.73 3.5 0.85 3.55 0.23 6.5 3.2

Lead 7.19 k.1 0.60 3.1 0.092 3.0 k.9

Niobium $.25 3.7 0.29 3.5 0.039 1.1 12

One car. also calculate the effect of a finite
electron mean free path on the surface resistance
of a superconductor. The mean free path produces
an appreciable change Iir Rg when the magnitude of
£ vecomes comparable to t. Interestingly enough,
as the mean free path decreases, the surface re-
sistance initially decreases. For lead at L4.20K
it would appear that the surface resistance could
ve improved by a factor of two in this way. This
is probably nct the way tc improve operation of a
cryogenic accelerator, tut it does indicate a
tolerance for this form of degradation.

Using Bq. (1) and Table I we can calculate the
theoretical power dissipatior for a cryogenic linac
operating at l.SSOK. If the eccelerator structure
is pleted with lead, the power dissipation is 1.3
watts per foot. This is entirely consistent with
the objectives outlined in the Introduction.

B. Residual Losses

Tne preceding discussion neglected the un~
pleasant fact that in practice one always observes
residval losses. The residual losses observed in

previous work? have been many times, even 100 times,

the values required for successful operation of a
cryogenic sccelerator. During the past few years,

note that the very high Q's reported for supercon-
ducting lead cavities have been obtained with only
modest precautions. More detailed investigation
into the sources of residual losses is proceeding
along the lines discussed below and should result
in still better results.

The source of residual loss that can be most
clearly identified is trapped magnetic flux. Mag-
netic flux trapped in the superconducting surface
can arise from the ambient field present when the
cavity is cooled below the transition temperature,
frcm ferromagnetic impurities in the surface (there
are a large number of potential candidates, since
we only require that the impurity have a Curie
temperature greater than 2°K), or from thermoelectric
currents present when the cavity goes superconduct-
ing. Experiments have been performed® in which the
ambient field during cool down was varied from lO'k
gauss to 10 gauss. The enhanced losses from irapped
flux are not yet understood in detail but in any
case it wculd appear that ambient fields of a few
milligauss are tolerable in a cryogenic accelerator,
whereas the earth's magnetic field contributes a
significant loss. Experiments are in progress to
improve our understanding of the mechanism for
losses associated with trapped flux and to determine
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if magnetic impurities or thermoelectric currents
lead to flux trapping in our cavities.

The properties of a superconducting cavity can
be degraded if the superconducting layer is too
thin. In the proximity of the normal metal sub~
strate the superconducting state is altered
appreciably. Providing the superconducting layer
is much thicker than the coherence length and the
penetration depth this does not affect the interior
superconducting surface of the cavity.

Surface roughness or surface contamination
could also be important factors. The negative
effects of surface roughness are particularly
noticeable in tin. Por electroplated surfaces
roughness is minimized if the plated layer is thin.
Roughness can be reduced further by several methods
and these are being studied. In addition, surface
contamination can lead to either resistive or die-
lectric losses. The lead surfaces presently used
are dried with ethyl alchol immediately after
electroplating to minimize oxidation; no high
vacuum outgassing has so far been attempted.

Crystal lattice defects might also contribute
to losses. As noted previously, a simple reduction
in the electron mean free path leads to reduced
losses. It is possible, however, that major dis-
turbances in the lattice could result in a local
variation in the superconducting state. In our
present experiments lead is electroplated on a
copper substrate. There is some evidence that the
differential thermal contraction that occurs during
cool down generates defects and thereby ehhances
the losses.

As a diagrostic tool in the investigation of
residual losses it would be useful to measure the
frequency dependence of the residual losses. To
eliminate ambiguity it is desirable to make all
measurements on the same sample and with the same
current distribution over the sample's surface.

At present we are preparing an experimental system
which approximates this situation.

III.

Achieving an energy resolution approaching
107 in a cryogenic accelerator places strict re-
quirements on the frequency and amplitude stability
of the RF source and on the thermal and mechanical
stability of the accelerator structure.

Although the primary concern of this section
is the stability of the cryogenic system it is of
value to comment briefly on the stability required
of the RF source. The fields in a microwave reson-
ant structure depend on freguency as

mOE§/2QL

Cryogenic Stability

5|2 « —2 L
(w-wg )2+ o /29y,

where @, is the resonant frequency and @ 1is
the loadéd Q. The bandwidth is ay/Qr and thus
the higher Qp the more strict the demands on

But the decay time for the
fields is 7 = QL/wo and thus amplitude stability
is more easily achieved for large Q. The beam
loaded Q in a cryogenic accelerator for an energy
gradient of a few Mev per foot and an average
current of a few hundred microamps is rcughly 10'.
Fortunately, this is a reasonable compromise be-
tween the competing factors noted above.

frequency stability.
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Let us inquire then what frequency and ampii-
tude stability is required of the RF source if the
fields are to be held constant to one part in 10%.
In practice it is reascnable to tune the source
frequency to within l% of the bandwidth. If we
evaluate the derivative dE(w)/dw at a distance
from resonance that is 1% of the bandwidth, it
follows that the frequency must be held constant
to 1/U4% of the bandwidth. For Qp =~ 10/ the frac-
tional frequency stability is 2.5 X 1010, For the

same QL the amplitude must be stable to one part
in 10% averaged over a time 1T = Qpfw, = 1.5 X 10-3
seconds. These stability requirements on the R®

source are strict but not unreasonable.

The fractional frequeney stability of 2.5 X lO'l
also applies to the resonant fregquency of the accel-
erator structure. In turn this implies demands on
the thermal and mechanical stability of the structure

A. Thermal and Mechanical Stability Requirement

Thermal and mechanical stability are necessary
to guarantee that the resonant frequency of the
structure will remain constant. This section of
the paper defines the extent of the thermal and
mechanical stability required while the following
section demonstrates the practicability of achiev-
ing that stability.

Before treating the superconducting case, let
us ccnsider a copper structure operating at room
temperature. For the copper structure Qr = 2 X 104
and, if the fields are to be held constant to one
part in 10%, the fractional frequency stability is
1.2 x 10~T. The resonant frequency of the struc-
ture can change with temperature due to thermal
expansion. For copper at room temperature the
thermal expansion coefficient ¢ = 1.7 X 10™ 20K~
and thus the temperature must be held constant to
0.007°K. In the presence of peak RF dissipation of
108 watts per foot, this is nontrivial.

Fortunately, the problem of thermal stability
is less difficult at 1.85°K. The expansion coef-
fielent, according to the Grueneisen relation, is
proportional to the specific heat of the metal and
therefore is extremely small at low temperatures.
For copper at the operating temperature g =~ 6X 10~10¢
Ever though the frequency shift allowed is 500 times
smaller for a cryogenic accelerator the temperature
must only be held constant to 0.4°K. 1In a cryogenic
accelerator we must also consider the temperature
dependence of the surface reactance. The surface
reactance, X, can be expressed as a skin depth, B3,
using the expression & = X/pyw (mks). The quantity
of interest is 4%/dT whick vanishes exponentially
with temperature. For superconducting lead at 1.85%
the theory of Mattis and Bardeen gives d8/dT =~
4 X 109 em/°K. When consideration is given to the
exponential temperature variation of dS/dT the tem-
perature difference implied is AT = 0.39%K. It is
worth noting that d8/dT =~ 4 x 10~7 em/%K at 4.2%
and thus the temperature would have to be held con-
stant to 0.01°K. Coupled witk the much larger power
dissipation at h.2°K, this requirement on temperature
stability provides an additional reason for operating
a cryogenic accelerator below 2%K.

Ancther potential source of frequency shift in
a cavity structure is mechanical deformations caused
by changing pressure. The structure is immersed in
liquid helium and even modest pressure changes re-
sult in significant frequency changes. A frequency
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change of 2.5 X lO“lQmo implies that the maximum
change in diameter that can be permitted is approxi-
mately one angstrom unit. It is reasonable to con-
struct an accelerator structure of sufficient
strength to tolerate pressure changes of 1 mm Hg.
However, to proceed along this line muck further
is difficult; the first structure we fabricated
shifted in frequency 0.8 X 10°° a, with a 1 mm Hg
pressure change. Since the pressure acting on the
structure is the vapor pressure of the superfluid
helium, to meintain constant pressure implies re-
strictions on the temperature stability of the
reservoir. The vapor pressure of helium can very
crudely be represented by the expression
A

P=P exp (-73) - (5)
The pressure and thus the derivative dP/AT vanish
exponentially with temperature. At 1.85°K, P = 15
mm Hg and a 1 mm Hg pressure change implies a 0.020°K
temperature change. With a superfluid helium re-
servoir this stability Is within reason.

Together the effects of thermal expansion and
changing skin depth restrict the temperature grad-
ients that can be tolerated in a cryogenic accelera-
tor to 0.15-0.20°K. Iz addition, to prevent medwmrical
deformations of the structure, pressure and tempera-
ture changes in the superfluid reservoir of less than
1 mm Hg and 0.02°% respectively are required. In
the following section it is shown that these demands
can be satisfied.

B. The Superfluid Reservoir and Conduction toc the

Reservoir

To achieve the desired frequency stability the
microwave power dissipated at the interior surface
of the accelerator structure must ve conducted to
the superfluid reservoir with a temperature differ-
ence ATl = 0.15—0.200K. Since the surface resistance
varies exponentially with temperature still smaller
temperature differences are desirable; large differ-
ences result in a significant irncrease in the power
dissipation and thus in reduced efficiency. The
calculations below assume the theoretical power dis-
sipation for an energy gradient of 3 Mev per foot
(1.3 watts per foot). For operation at 10 Mev per
foot or in the event that the losses in practice
exceed the theoretical losses by an order of magni-
tude, the thermal differences given below must be
increased by a factor of ten. Even for these con-
ditions the cryogenic stability requirements can be
satisfied.

There are three major contributions to the
thermal resistance which must be considered in con-
ducting heat to the superfluid reservoir. First,
there is the boundary resistance between the super-
conducting surface and the normal metal from which
the accelerator structure is fabricated. Second,
there is conduction through the walls of the struc-
ture. And, finally, there is the boundary resistance
between the accelerator structure and the superfluid
reserveir. The calculations which follow assume
that the accelerator structure is fabricated from
0.F.H.C. copper.*

* We are also considering the use of commercially
available high purity aluminum in the aceelerator
structure. An aluminum structure is lighter, is
less expensive, has a larger thermal conductivity,
but is more difficult to electroplate than O.F.H.C.
COpPET .«
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The temperature difference associated with
heat conduction through the structure walls can be
estimated from the expression

“fﬂn(ro/ri) . (E)

A TR I

(6)

where P/L is the power dissipated per unit length
(watts/cm), rj is the inner and r, the outer
radius, and k is the average thermal conductivity.
The theoretically calculated power dissipation is
1.3 watts per foot. The thermal conductivity of
0.F.H.C. copperlO at 1.85%% is 1 watt/cm®K, nearly
as gredt as the conductivity of copper at room tem-
perature, and thus AT < .00L K. Heat conduction
out through the accelerating structure disks, how-
ever, is less favorable. Rough estimates suggest
the temperature difference might be .010%K in the
disks.

The boundary resistance which occurs both at
the lead-copper interface and the copper-helium
interface also contributes a temperature difference.
In a normal metal the heat current is carried by
the conducticon electrons while in a superconductor
{at temperatures well below Tc) or in the superfluid
the heat current is carried by the phonons. The
heat conduction across the boundary then is deter-
mined by the coupling between the electron thermal
current in the normal metal and the phonon current
in the superconductoilor the superfluid. For the
lead-copper boundary—— the temperature difference
is

sl
T

(7)
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The calculated maximum power that must be trans-
ported across unit area of the interface is < 10-3
watts per em®. At 1.85°K this implies AT < 10~5¢K.
For the copper-superfluid boundary

AT::l—gog (8)
A

T

and again the temperature difference is < 10'3°K.

In transferring heat across the copper-super-
fluid boundary it is possible to initiate film
boiling. The thermal contact between the accelera-
tor structure and the superfluid reservoir decreases
significantly if this occurs. The power density
required for film boiling*~ is approximately 0.l
watt/cn® compared to a value of 1072 watts/cm® cal-
culated using the theoretical surface resistance.

of the problems discussed above power dissipa-
tion in the disks causes the greatest concern.

This problem is accentuated vy the fact that field
emission electrons can also contribute to power
dissipation in the disks. Although the stability
requirement is satisfied, even for losses enhanced
by a factor of ten, it may still be desirable to
provide direct superfluid access to this region.

The superfluid reservoir plays a major role
in providing a stable thermal environment for the
cryogenic sccelerator. At the operating temperature,
which is not far below the lambda point, the specific
heat of liquid helium is still very large. The
specific heat at 1.85% is = 3 joules/gmPK, nearly
as large as that of water at room temperature.
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The quantity of superfluid helium that sur-
rounds the accelerator might be 30 liters per foot
Since the density is 0.146 agm/ce, the total heat
capacity is 1.3 % 10* joules/9K per foot. This
capacity is very large compared to the RF energy
stored in the accelerator structure which is 4.2
joules per foot at 3 Mev per foot. As noted in
the Introduction, this capacity is also sufficient
to permit long beam pulses if <the accelerator is
operated at, say, 10% duty cycle. Even if the
losses are ten times the theoretical losses,a pulse
of 20 seconds duration increases the temperature
of the reservoir by only 0.020°K.

In addition to the large specific heat, super-
fluid helium exhibits remarkable heat transport
properties. In a metal,heat transport is a random
process. For superfluld helium the mechanism of
heat transport is quite different. Very crudely
the superfluid can be considered as two interpene-
trating fluids; one component is a superfluid
which has zero entropy and flows without viscesity,
the other component is a normal fluid which carries
the full eatropy of the liquic¢ and exhibits ncrmal
viscosity. If heat is produced at one end of a
superfluid helium "rod", the superfluid componens
flows to the source and there absorbs the heat in
the process of being converted to normal fiuid.

To maintain constant density in the liquid there
must be a counterflow of the normal fluid component.

Fer large heat currents along the superfluid
"rod" a small temperature differerce occurs. This
temperature difference is associated with the vis-
cosity of the counterflowing normal fluld and with
vorticity generated in the superfluld component.
Heat transpcrt in superfluid helium is greatest
when the density of the superfluid component ard
the density of the rormal fluid ccmponent are
approximately equal. The selected operating tem-
perature of 1. 85°% lles just to the low temperature
siée of the heat transport maximum. As an example,
consider 100 watts transported 100 feet in a super-
fluid "rod'" one foot in diameter. The expected
temperature difference is .020°K. To maintain the
same temperature difference using high conductivity
copper requires a rod exceeding 100 feet in dia-
meter. Although nct perfect the superfluid is an
extremely good conductor of heat.

The power dissipated in a cryogenic accelera-
tor does not have to be transported the length of
the machine; it must only be transported to the
surface of the liquid where it is removed by
evaporation. In any case it is clear that the
demard on temperature equlllbrlum for the super-
fluid reservoir (within 0.02C K) is readily achieved.

Refrigeration

~
e

The remarkable heat transport properties of
superfluid helium guarartee adequate thermal equi-
1ibrium throughout the helium reservoir. It is
still required, however, that the pressure and
thus the temperature of the reservoir remain con-
stant for long times. Long term stability is
accomplished by proper regulation of the superfluid
helium refrigerator.

The very low operating temperature for a cryo-
genic accelerator is achieved by pumping the vapor
over the liquid. At 1.85°K the vapor pressure is
15 mm Hg and changes in this pressure of 1 mm Hg
can be tolerated. A simple form of pressure
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regulation can be provided by controlling the flow
in a bleed~back line which feeds high pressure gas
from the output of the pumping system to the low
pressure stream at the pump input. Additional
pressure regulation can be provided by means of a
thermal load in the superfluid helium reservoir
which can be varied to hold the reservoir tempera-
ture constant.

Although we do not intend to present a detailed
discussion of the refrigerstor, it is interesting
tc consider briefly two problems of the refrigerator
that are created by the loy operating temperature.
First, the pumping speed V (vol./sec.) reguired
tc malntaln the low temperature is given by the
rate at which gas is generated (mass/sec.) divided
by the density. For a fixed energy gradient in
the accelerator structure, gas generation is pro-
portional to the power dissipated at helium tem-
perature which, according to Eq. (4), vanishes
exponentially. However, the density is proportional
to the pressure which, acccrding to Eq. (5), also
vanishes exponentially. Therefore, we have approxi-
mately

. e—e/EkT

© {9)
/T

where bcth numerator and denominator very by a
factor of 50 to 100 between 4.2°K and 1.85°K.
is a fortunate coincidence that the two factors
nearly cancel leaving the pumping rate essentially
constant, independent of temperature. If a sub-
stant_ally increased pumping speed were required
at 1. 85 K, the pumping system would become pro-
hlbltlvely large. Second, the low vapor pressure
at 1. 85 K makes more di fflcult the problem of heat
exchanging the cold escaping vapor with the warm
input stream. Nevertheless, at ..85°K the heat
exchange problem is still manageble.

It

IV. Limitations on the Energy Gradient

The RF power dissipated in the accelerator
structure increases as the square c¢f the erergy
gradient. For a conventional electron linac this
rapidly increasing power requirement limits the
energy gradiert, in practice, to 2-i Mev per foot.
For a cryogenic aecelerator the RF power dissipa-
tion is not the principal limitation; the duty
cycle of the cryogenic accelerator can easily be
reduced so that The average power dissipation does
not exceed the helium refrigerator capacity. The
factors that determine the energy gradient in the
cryogeric accelerator are the magnebic critical
field of the supercondvctor and loading due to
electric field emission from the surface. The
fundamental limitations on energy gradient are
discussed in this section.

* The first swperfluid helium refrigerator is pre-
sently being constructeé¢ by Arthur D. Little, Inc.
The system will remove 300 wetts at 1.85°K.
totype of this, system has already been operated.

A pro-
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A. Critical Magnetic Field

It is to be expected that for some energy grad-~

ient the RF magnetic field at the surface of the
accelerator structure will exceed a critical value
and the superconducting state will be quenched.
This critical magnetic field represersa fundamental

limitation on the energy gradient that can be achieved

in a cryogenic accelerator.

The behavior of superconducters in the pre-
sence cof large RF magnetic fields is not as well
understood as the dc case. In the present discus-
sion we will assume that the known dc behavior of
superconductors can be extrapolated to RF. Experi-
mental information obtained thus far is consistent
with tkis assumption.

At dc the superconducting state is quenched
at a magnetic field level which is determined by
the Gibbs free energles of the superccaducting
and the normal states. This field level 1s called
the critical magnetic field, H,, and depends on
temperature as

T2- 72
c
H, =H ( = ) (10)
where T, 1is the superconducting transition tem-
perature. The critical megnetic field is zero at

T. and increases monotonically to H, at T = O.
Values of H, and H A (1.85%) for lesd and
niobium are given in %able IIT.

TABIE IIT

Magnetic Field Limitations on Energy Gradient

Metal — H_ H_(1.85) R (H,) E(sw) E(Tw)
gauss gauss RSIOS Mev/£t Mev/ft

o 800 T50 1.8 6.5 10.5

Nb 19k0 1860 3.3 16 26

For large magnetic fields the superccnducting
energy gap decreases; thus we might expect an
increase in the surface resistance at increasing
RF field levels. This increase can be

estimated using the Ginzburg-Landau theory of
superconductivity.* The magnetic field dependence
of the Ginzburg—&indau superconducting order
parameter, v, is

2 ju2
H) 1 H /Hc
oy -~ " T T~
¥ " (k +72)
where r is approximately MA/t. The penetration
depth A and the energy gap € are related to the

order parameter; we have gpproximately: X\ « w'l
and € « Y. Since at low temperatures

Ry « AZ exp(-¢/2kT), the factor by which the surface

resistance increases with increasing field level
can be caiculated. The ratio Rg(He)/Rg(0) for
lead and niobium at 1.85°K is given in Table IIT.

*
The Ginzburg-Landau theory is strictly correct
only for temperatures near T,.

To determine the actual behavior of supercon-
ductors in the presence of large RF magnetic fields
we have made measurements on tin, lead, and
niobium. Of these measurements the most definitive
are those for tin. At 2856 MHz the surface re-
sistance of tin is observed to be coastant within
20% for RF field levels smaller than the de cri-
tical magnetic field. This behavior is consistent
with the factor Rg(Hy)/Rg(0) = 1.2 calculated for
tin on the basis of the Ginzburg-Iardau theory.
When the RF field level exceeds the de critical
field the surface resistance is observed to make
a sharp transition to the normal state value. As
a result of heating effects, measurements on lead
and niobium extend only to field levels of 0.5 Hg
and O.1 Hy respectively. Experiments extending
to higher field levels are in progress.

We assume that the behavior of superconducting
lead and niobium in the presence of large RF mag-~
netic fields willi be similar to that cbserved for
tin. The implied limitation on the energy gradient
that can be achieved in a cryogenic accelerator is
given in Table TIT. Values are given for bhoth a
standing wave bi-periodic W/E-mode structure and
a traveling wave simple periodic W/E—mode structure.

3. TLoading Due to Field Emission

For large energy gradients the electric field
at the walls of an accelerator structure can be
sufficient to cause an appreciable field emission
current. The emitted electrons absorb energy from
the RF electric field and upon striking the struc-
ture walls convert this energy to heat. Since the
neat is generated at helium temperatures, the field
emission current must be kept small.

Preliminary measurements or. superconducting
lead cavities operating in the 10 mode indicate
that peak electric fields of 1.5 %X 107 volts/cm®
can be obtained before electron loading becomes
important. This value of the field is achieved by
moderate processing; the cavity is overcoupled
(@~ 107) and the incident power is increased.
Observation cf the power reflected from the cavity
reveals electrical noise but no sparking ir the
sense that the energy stored in the cavity is lost
in a discharge. At the present time an extensive
investigation of the behavior of superconducting
surfaces in the presence of large electric fields
is being planned. The discussion below 1s sugges-~
tive of what could hopefully be achieved in these
investigations.

For a point-to-plane geametry and for optimal
experimental conditions_the dec electrical break-
down field is cbservedlT to be = 7 X 107 volts/cm
in metals such as tungsten. For smaller values of
the electric field the field emission current
follows the Fowler-KNordheim theory. ZEnhanced field
emission currents ard much smaller dc breakdown
fields are observed for broad area electrodes. The
degraded performance of bread area electrodes might
pe attributed to any cne of several mechanisms.

The most clearly defined of these mecharisms is
field enhancement at sharp projections on the sur-
face of the electrodes. It has been shownl® that
the electric field at such projects can be enhanced

¥ The electric fie.d at the surface is probably 50%
higher than the value quoted above; the field is
enhanced in the vicinity of a cutoff hole in the
cavity.
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by factors as large as 200. Although an enhance-
ment of 200 for our superconducting cavities gives
a reasonable breakdown field it must be emphasized
that the mechanism by which field emission is en-
hanced in our cavities is not established. Enhance-
ment due to sharp projections, surface contamination
ete. might all contribute.

It is likely that the maximum electric field
that has been achieved in room temperature cavities 9.
provides the best indication of what can be ex-
pected ultimately in a superconducting cavity.
Although the very low operating temperature may

Te

influence suchtiings as whisker growth and surface 10.
contamination, the field emission current for a
given surface is nearly independent of temperature 11.
and nearly independent of whether the metal is in
the superconducting state or the normal state.19 12
The highest electric field level achieved in a *
copper cavity, Eo the best of our knowledge, is
~ 108 volts/cm. If fields of this magnitude can 13.
be obtained in a cryogenic accelerator, extremely
high energy gradients are possible. In the stand-
iné wave bi-periodic T/2-mode structure fields of 1)
10 volts/cm correspond to an energy gradient of -
15 Mev per foot.
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