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Abstract

The performance of superconducting cavities in accelera-
tors can be limited by several factors, such as: field emis-
sion, quenches, arcing, rf power; and the maximum gradi-
ent at which a cavity can operate will be determined by the
lowest of these limitations for that particular cavity. The
CEBAF accelerator operates with over 300 cavities and, for
each of them, we have determined the maximum operating
gradient and its limiting factor. We have developed a model
that allows us to determine the distribution of gradients that
could be achieved for each of these limitations indepen-
dently of the others. The result of this analysis can guide
an R&D program to achieve the best overall performance
improvement. The same model can be used to relate the
performance of single-cell and multi-cell cavities.

1 MODEL AND ANALYSIS

We assumen independent random variablesXi, each
with probability densityfi(x) and probability distribution
Fi(x) =

∫ x

−∞ fi(t)dt.
We define a new random variableX asX = min(Xi). Its

probability densityf(x) and distributionF (x) are related
to those of theXi by:

1 − F (x) =
∏

i

[1 − Fi(x)]

f(x) = (1 − F (x))
∑

i

fi(x)
1 − Fi(x)

While f(x) andF (x) are directly observable, the above
relations are not sufficient to determine thefi(x) andFi(x).
This can be done, however, if for each realization ofX we
can identify for which variableXi we hadx = xi.

In the application to superconducting cavities this means
that for each cavity, not only do we know the maximum
gradient at which it will operate but also which limitation
prevents it from operating at a higher field. This is shown
in figure 1. For each variableXi, we can then define the
functiongi(x) as:

gi(x)dx = Prob{x < Xi ≤ x + dx, Xj > x for j 6= i}

= fi(x)dx
∏
j 6=i

[1 − Fj(x)]
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Figure 1: Maximum useful gradient and type of limitation
for CEBAF cavities.

gi(x) =
fi(x)

1 − Fi(x)

∏
j

[1 − Fj(x)] (1)

The functionsgi(x) are directly observable and the cor-
responding histograms are shown in figure 2 for our appli-
cation. Note that the functionsgi(x) are not true probability
densities but represent how often a particular variable will
be the minimum for a particular valuex. Their primitives,
Gi which are shown in figure 3, are the cumulative rate of
occurrence for each limitation. The functionsgi(x) also
satisfy ∑

i

gi(x) = f(x)
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Figure 2: Histograms of the cavity gradients for the different
limitations.

Equation (1) can be rewritten as:

fi(x)
1 − Fi(x)

=
gi(x)

1 − F (x)
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Sincefi(x) is the derivative ofFi(x) the above equation
can be simply integrated to yield:

Fi(x) = 1 − exp
(

−
∫ x

−∞

gi(t)dt

1 − F (t)

)
(2)

fi(x) =
gi(x)

1 − F (x)
exp

(
−

∫ x

−∞

gi(t)dt

1 − F (t)

)

For a finite number of cavities, the measured probability
densitiesfi(x) are constructed from delta functions. Forn
cavities, each with a limit of typelk at energyEk,

gi(x) =
1
n

∑
k

δ(x − Ek)δi,lk ,

where lk ranges over the same set of integers asi (arcs,
radiation, etc.). The distributionF and the individualGi are
easily computed by integration ofgi. As shown in figure 3,
they are summations of step-functions.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

Pr
ob

ab
ili

ty

E (MV/m)

Arcing
Radiation

Quench
Total

Figure 3: Measured distributionsF andGi vs. energy.
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Figure 4: Calculated distributionsFi vs. energy.

Equation (2) also integrates sums of delta functions into
sums of step-functions. The resulting derived probabilities

Fi are shown in figure 4, and the corresponding density
functionsfi are again sums of delta functions. To be shown
in a useful form one could sort them into bins; instead, we
assumed they have an approximate log-normal form, and
chose coefficients for that distribution based on the calcu-
latedFi.

The smoothed probability densitiesfi(E) for the 3 main
limitations are shown in figure 5, along with the overall
densityf(E). The same analysis was performed in 1995
on data collected at that time, and is shown in figure 6.
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Figure 5: Probability densities for 1998 limitations.
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Figure 6: Probability densities for 1995 limitations.

2 DISCUSSION

Two of the important limitations which were present in 1995
have been eliminated. At that time, the beam current re-
quired of the machine was modest, so to reduce power con-
sumption, the output power of the klystrons was limited to 2
kW. This imposed a limit on the gradient that some cavities,
whose externalQ was not optimal, could achieve. In 1998,
with the klystrons operating at 5 kW output power, rf is not
a limitation anymore.

Another limitation which was present in 1995 (labelled
WG in the figure) was due to pressure fluctuations in the
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waveguide section between the cold and warm windows
leading to an rf trip. Since then a program to improvein
situ the performance of the cavities has been implemented.
This program includes a cryocycle of the cryomodules to
about 40 K to outgas the waveguide section, followed by rf
conditioning of the same section. As a result, waveguide
pressure fluctuations and their associated rf trips have been
eliminated as an important performance limitation [1].

The main limitation, as can be seen from figure 6, was
field emission in the cavities. This was the main target of
the in situ processing of the cavities and, although not yet
completed, has resulted in raising the field-emission-limited
performance by 1 MV/m. When this improvement program
is completed in February 1999 it is expected to have raised
the operational energy of CEBAF from 5 to 6 GeV.

As indicated in figure 5 a newlimitation has appeared
which was not included in the 1995 data. It is due to oc-
casional arcing or flashover on the cold window, which is
located close to the beam line, and is probably caused by
slow charging from field-emitted electrons. This limitation
is different from the others in that it is operational in nature,
and not as hard a limitation as the others. Although arcing
is infrequent (which is why is was not identified in the 1995
commissioning data), with more that 300 cavities in opera-
tion it can have a significant impact on accelerator up-time.
We have set a limit of less than one arc-related trip every eight
hours for each of the cavities which display this behavior,
and some of these cavities have had their operating gradient
reduced as a result.

A new configuration for the cold window, which places it
further from the beam line and shields it from field-emitted
electrons, has been developed and tested, and has led to a
virtual elimination of arcing in laboratory tests. While this
modification cannot be done on cryomodules while they are
installed in the accelerator, it is being implemented on new
cryomodules which are under construction for the FEL, and
will be incorporated in the CEBAF cryomodules when the
opportunity presents itself.

3 PERFORMANCE OF MULTI-CELL
CAVITIES

The same model can be used to predict or compare the per-
formance of cavities composed of different numbers of cells
under the same set of assumptions: each individual cell’s
performance is independent of other’s and governed by the
same variables, and the performance of a multi-cell cavity
is limited by its weaker cell.

If f1, resp.F1 are the probability density, resp. distribu-
tion for the operating gradient of single-cell cavities andfn

andFn the same functions forn-cell cavities, then:

Fn(E) = 1 − [1 − F1(E)]n

fn(E) = nf1(E) [1 − F1(E)]n−1

In particular, if 〈E1〉 =
∫ ∞
0 Ef1(E)dE and 〈En〉 =∫ ∞

0 Efn(E)dE, under reasonable assumptions onF1(E)

one can estimate the reduction in performance〈En〉 / 〈E1〉
from 1 ton cells. It is found that〈En〉 / 〈E1〉 is relatively in-
sensitive to the actual shape off1(E) but depends strongly,
as should be expected, on its normalized standard deviation
σ/ 〈E1〉.

An example is shown in figure 7 where we assumed a
log-normal distribution forf1(E). Figure 8 shows the de-
crease in average gradient as a function of the number of
cells for normalized standard distributions between 0.1 and
0.4. This shows that the expected gradient in multi-cell cav-
ities has a negative power-law dependence on the number
of cells. This is similar to the apparent negative power-law
dependence on the cavity surface area [2].
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Figure 7: Probability densities for the gradient of single and
multi-cell cavities.
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