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Abstract

Niobium superconducting 1f cavities are proposed for
use in the proton LINAC accelerators for spallation-neutron
applications. Becausc of accidental beam loss and continual halo
losses along the accelerator path, concern for the degradation of
the superconducting properues of the cavities with accumulating
damage arises. Residual-resisuvity-ratio (RRR) specimens of
Nb, with a range of initial RRR's were iradiated at room
temperature with protons at energies from 200 to 2000 MeV.
Four-probe resistance measurcments were made at room
temperature and at 4.2 K both prior to and after imradiation.
Nonlinear increases in resistivity simulate expected behavior in
cavity material after extended irradiation, followed by periodic
anneals to room temperature: For RRR = 316 material,
irradiations to (2 - 3) x 10" plem’ produce degradations up to the
10% level, a change that is deemed operationally acceptable.
Without periodic warming to room temperature, the accumulated
damage energy would be up to a factor of ten greater, resulting in
unacceptable degradations. Likewise, should higher-RRR
material be used, for the same damage energy imparted,
relatively larger percentage changes in the RRR will result.

Introduction

There are currently several high-energy physics
facilities where niobium superconducting 1f cavities are being
used to accelerate charged particles (1). These cavities are being
proposed for use in the Accelerator Production of Tritium (APT).
In this application, however, where protons are accelerated both
to high energy and high current (1.3 to 1.7 GeV at 100 mA),
there exists no operational experience as to the potential
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degradation of performance of the superconducting Nb due to
radiation damage. This damage could occur in the cavities due
either to catastrophic beam loss of steering or focus, or by low-
curtrent, continued radiation owing to beam halo effects. Fora
facility such as the proposed APT with a projected service life of
30 years, unreversible degradation of cavities requiring frequent
replacemnent would obviate their use, and resuit instead in the use
of less-efficient room-temperature (normal conducting) f
cavities for the LINAC. Optimal performance depends upon the
cavity maintaining a high value of Q, which depends on the
matrial's surface conductivity. Changes in the bulk conductivity
of the cavity material can adversely impact the performance of
the cavity through degradation of the Q, and higher cooling
demands and higher risk of quenching becaouse of decreased
thermal conductivity. The change of either of these parameters
as a function of proton fluence can provide a measure of
performance degradation.

In this paper we report the change of the residual
resistivity ratio (RRR) for proton irradiations of niobium at room
temperature for energies between 200 and 2000 MeV. The RRR
is a measure of bulk resistjyity. Even though if is not directly
related to the cavity surface resistance, it is the property specified
for the quality of the niobium because it is related to the
chemical, disolved gas, and defect purity of the material.
Standard cavity-grade Nb has RRR = 300. Even if the changes
in RRR due o radiation damage do not directly couple to
changes in Q, they are important since thay do directly relate to
changes in the thermal conductivity of the Nb.  Degraded
thermal conductivity carries deleterious implications on power
loss at cavity surfaces resulting in reduced efficiency, and
enhanced cavity quenching.




Background

Beam halo losses i the APT superconducting
accelerating structure have been estimated at about 0.2 nA/m
(2). To estimate the fluence on a given beam-transport element
properly requires high-energy transport-code calculations and
consideration for greater beam loss at the lower energies. For
purposes here we estimate that for a twenty-year operation, the
surface of a 5-cm-diameter pipe would sec a fluence of about
10" plem?. In actual operation, this fluence will not be the total
damaging fluence, because energetic spallation particles
including recoiling nuclel and neutrons produce most of the
damage. o

To date there have been but a few experimental
attempts to measure cavity degradation due to high-energy proton
damage. Halama (3) irradiated a superconducting Nb cavity (4)
at 1.4 K operating at about 3 GHz with 175-MeV protons at the
Brookhaven LINAC. During the imradiaticns the cavity was
maintained at 4.2 K and the beam had a gaussian shape of a few
cm FWHM at the center line of the cavity. The fluence quoted is
about 10" p/em? over about 3% of the “effective”surface of the
cavity. This nrradiation produced significant reductions in the
measured Q; (20 - 50)% depending upon the mode sclected, the
highest change scen for the TM(001) mode. No quantiative
estimate of the decrease in normal-state residual resistivity due
1o the irradiation was made, although the surface resistance
defined by the measured Q increased significantly.

Recently Safa et al. (5) uradiated a 1300-Mz cavity at
room temperature with 1300-MecV protons at the Laboratoir
Nationale Saturne (LNS) accelerator at CEA/Saclay, France. As
with the Halama firadiations, a small gaussian beam mpinged on
a small percentage of the total cavity wall at the equator. The
fluence was 5 x 10" p/em®. Measurements of the cavity Q were
made before and after the nradiation. No change in Q was
observed.

More recently (6) two 3000-MHz Nb single-cell
cavities were iiradiated at the Los Alamos LANSCE facility with
800-McV protons 1o a fluence of 1 x 10" plem® over
approximately 5% of the effective area of the cavity at the
equator. The cavities were maintained at a nominal 2 K during
the irradiation and the Q measurcments.. No changes in the
cavity Q were measured. To date the results on cavity degadation
owing to high-energy proton irradiation appear to be conflicting.

Mathiessen's Rule states (6) that the resistivity of a
simple metal can be expressed as a linear combination of terms
as

P(T) = pm + Po + Poer » (h

where pq, is the thermal contribution, p, is the residual resistivity
due to impurities, etc., in the starting material, and pp, 1s the
increase in resistivity due to radiation-induced defects. Other

terms such as magnetoresistance and size eflects are not relevant
here. At low temperatures (4.2 K) the thermal component 1s
nearly zero and the resistivity s given by the residual defect
contribution for noniiradiated specimens. At room temperature
the thermal contribution dominates. As the purity of a specimen
is tmproved, p, decreases producing an increasing RRR.  Note
that for a given irradiation producing a po.q IS percentage
contribution to the low-tempersture resisuvity and thus the RRR
measured will increase as the impurity contribution decreases.
This 1s an important pomt to kecp in muind when examining
results obtained from specimens with different starting RRR's.

We write

ARRRY = 1/(RRR),,, - 1/ (RRR),uema 2)
which 1s rewritten as
ARRR")=[R@.2K, i) - R(4.2 K, non)l/ R(RT) . 3)

Since all terms for the several resistances in the numerator
contain the same specimen -specific term 1/ a, we can reduce the
resistances to resistivities by dividing by 1 /a. This leaves

A (RRR™Y) = [p(4.2 K, imad) - p(4.2 K, nom)l/ p(RT). (4)

Since, at 4.2 K the resistivity 13 dominated by the residual
resistvities and the thermal contribution can be approximated to
zero, the numerator becomes py . Ppy - Po Al TOOM
temperature the thermal contribution dominaies the defect
contibutions, so the denominator becomes p(RTY = poy, sothat

ARRR™) « p, . )

The quantity A(RRR™) s relevant sinee it is proportional to the
change due to damage i the mtrinsic variable, the resistivity. 1t
1s also independent of the starting RRR (initial impurity level) of
the metal.

Experiment

The intent of this experiment was to establish a measure
of the damage to niobium as a function of high-energy proton
fluence. The property change to be measured was the residual-
resistivity ratio (RRR). Theyradiations are performed at room
temperature, so the results are limiting in the sense that they
closely reflect the defect state that would result from irradiation
at low temperature followed by warming to room temperature.
It is assumed that in actual application the superconducting rf
cavities will be so annealed at intervals. Beam time to perform
these RRR iradiations became available as the irradiations could
be performed in conjunction with a joint US-French expeniment
measuring the n/p production for protons on various metal targets
over the energy range 400 - 2000 MeV. The high-energy
wradiations were carried out at the Saturne Accelerator in Saclay,
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France. Two fluences of iradiations were carried out at the 200-
MeV Brookhaven Linac Isotope Producer.

The starting material for the US RRR specimens was
superconducting cavity-grade niobium obtained from Wah Chang
through Los Alamos National Laboratory. The manufacturer’s
specification of purity was that the RRR was in excess of 300. A
list of maximum levels of impurities was provided. These
specifications list the major impurity of Ta at 920 appm, Zr at
less than 100appm, and H and N at less than 5 appm. RRR
specimens were cut from this plate by Electro-Discharge
Machining to sizes of 3.1 x0.30 x 0.056 cm. In general three
specimens were included 1n each nrradiation package. The RRR
(and other specimens reported elsewhere) were wrapped in Al
foil and sandwiched between circular aluminum discs of 0.025-
mm thickness. For the specimens irradiated at LNS the Al discs
were cut 1o size to fit into a pneumatic can (the “doigt de gant™)
that could be remotely nserted in and retracted from the beam.
The doigt de gant 1s located at the extraction point of the
synchrotron before any beam-line transport optics. The
irradiation times ranged from 4 h to 19 h, with one package
receiving all of the irradiation segments. In some of the
irradiations RRR specimens provided by the French were
included 1n the package. These specimens were 2.0 x 0.9 x 40
mm and had higher initial RRR’s. These higher-RRR specimens
were originally Nb at 300, but were annealed and degassed to
provide starting RRR's of 1726.The specimens for the 200-MeV
proton irradiations were mounted in zirconium cans and
irradiated with a 100-pA beam at the BLIP Facility. These
irradiations were carried out for 15 and 200 minutes.

The proton fluences on the various nradiations was
determined by foil activation techniques chicfly using the 0.025-
mm Al covers on the sample packages and measuring the Na 24
peak. In some cases the French RRR specimens were employed
as dosimelry specimens using the several spectral lines. The
main lines are the 1836 and 2898 keV gammas from ¥Y, but
wransitions in ®Zr and "Se were also used. The shape of the beam
at the specimen position was elliptical with the fong axis vertical
and with the beam spot 3.5 x 1.5 sq cm producing a nonuniform
gaussian beam spot of 5.25 sq em. The specimens were aligned
vertically with the long axis of the beam. Fluences quoted in this
work are derived from the total protons on the foils or RRR
specimens as determined by activation divided by the area of the

elliptical beam spot. This would connote uniform irradiation, so

the reader is reminded that this is an approximation, and that the
fluence, and hence the damage, has a gaussian distribution
centered on the middle of the specimen. As a check on the
dosimetry determinations the time duration of each exposure was
logged. Even though the current circulating in the synchrotron
was not constant, and the extraction efficiency varied with
energy, the plot of the measured fluence versus exposure time as
shown in Fig. | israther linear (the straight line is drawn by eye,
and not fitted). We estimate from all sources of error and
uncertainty an absolute fluence precision of about 20%.

RRR measurements were carried out using standard 4-
probe resistance measurements.  Specimen holders were
constructed to accomodate 3 specimens per dip into hquid
helium. Resistance measurements were made at room
temperature and the results corrected to 298 K. Low-
temperature measurements were cammed out at 4.2 K. The
specimens at low temperature were mounted transverse (o the
fleld of a superconduciing emagnet to quench the
superconductivity of the Nb so that a resistance determination

could be made. Measurcments were made in fields of 10, 20,
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Figure 1: Fluences of the various specimens as determined by
foil activation plotted as a function of beam cxpasure time.

RRR fits and Extrapolation to O kG - Pkg. 4

325

8 9
8 a--n

300

275

RRR

250

225

200 =
o 10 20 30 40

Magnetic Field (kG)

Figure 2: Plot of RRR determinations for three specimens.
Sample numbers in the legend correspond to Package # 4.




30, and 40 kG. The low-temperature zero-field value was then
determine by a linear extrapolation of the at-field data back to the
zero-field ordinate. Fig. 2 depicts the scatter at the ordinate of
the extrapolations of one of the determinations. The value for
RRR for these runs is given by the average of the intercepts.
Note that the slope of these curves defines the magnetoristance
for the Nb.

Results and Discussion

The summary of the irradiations of the US specimens at
Saturne is given in Table 1. Column 2 gives the calculated
average fluence with the equivalent fluence normalized according
to the damage-energy cross section (relative to 200 MeV) in
parentheses, column 3 the energy of the irradiation, column 4 the
measured RRR following the irradiation, column 5 A(RRR™),
and column 7 the ARRR due to the radiation. The value of RRR
for the nonirradiated specimens was determined to be 316, and
this value was used in all cases Column 2 gives the calculated
average fluence with the equivalent fluence normalized according
to the damage-energy cross section (relative to 200 MeV) in
parentheses, column 3 the energy of the irradiation, column 4 the
measured RRR following the irradiation, column 5 A(RRR™),
and column 7 the ARRR due to the radiation. The value of RRR
for the nonirradiated specimens was delermined to be 316, and
this value was used in all cases plotted as a linear function of the
proton fluence. Indeed, the approach to a saturation value for -
ARRR is apparent. The scatter in the results at lower fluences is
highlighted in Fig. 6 where only the results for fluences up to 4
x 10" are plotted.

Table I Summary of RRR Changes

Pkg. #  Fluence Energy RRR A(RRR™) -ARRR*
(10" p/em?) (MeV) (x10

0 5.0(17.6) 1300 280 4.07 36
1 045(1.74) 2000 301 1.58 15
2 3.1(11.97) 2000 288 3.08 28
3 80() All 278 433 38
4 1.2(2.0) 400 291 2.72 25
5 3.0(8.67) 800 290 284 26
6 1.7(4.91) 800 293 248 23
7 15(5.52) 1600 288 308 28
8 1.2(4.42) 1600 306 1.03 10
9 1.3(5.02) 2000 310 0.61 6

A 50. (50) 200 252 8.04 64
B 200 (200) 200 236 1073 80

* Nonirradiated RRR =316
Note: Fluences in parens have been scaled by the damage-
Saturne is given in Table 1.
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Figure 3: Changes in RRR plotted as the log of the proton
fluence.

Nonlinear Damage Production

InFigs. 3, 4, and 5 the nonlinear character of the change
in RRR as a function of dose is apparent. That dAp/d¢
decreases with increasing dose, so long as the irradiation
temperature is above the migration temperature for single
interstitials, has long been recognized (7). The rate of change is

ARRR of lrradiated Niobium

80 -
70
v
60
. 50 -
«
% 40 I
x 02 GeV v
30 0.4 GeV O
O.SGGeeV ©
1.3 Gev x
20 " 16 Gev &
2 GeV +
10 ANE o
0 4' , ] i
e] 80 100 150 200

Fiuence {x1E15 p/cm?)

Figure 4: Changes in RRR plotted as a linear function of the
proton fluence. The nonlinear response to dose and the apparent
approach to a saturation level is apparent.




ARRR of Iradiated Niobium

40

-ARRR

o—e
—eo
&t
] —
o] { ! i
] 1 2 3 4

Ruence (x1E15 p/em?)

Figure 5: Changes in RRR as a function of lower-fluence proton
radiations. Solid curves have been drawn to bound the spread
in the values.

even larger if the irradiation temperature is also above the
temperature of single-vacancy migration. For our case of room-
temperature uradiation of Nb, the latter case obtains. Interstitial
migration has becn established to be near 4.5 K (8) and vacancy
migration between 200 and 300 K (9). So, for our irradiations,
all Frenkel pair defects created by the irradiation at room
temperature are mobile, and thus free to recombine or find other
traps. Isochronal annealing of damage induced at 4.2 K (9)
resulted in approximately 90% recovery. Thus, the damage we
abserve as changes in RRR  for room-temperature uradiations
are about 10% of the change that would be induced by the same
proton irradiations at 4.2 K. The nonlinear nature is due to the
buildup on radiation-induced defects and microstructure that
results in a higher annihilation probability for subsequently
produced defects. ;

Comparison Based upon Damage-Energy Cross Sections

Although there is considerable scatter in the low-
fluence RRR changes, the apparent scatter seen in Fig. 4 is pantly
attributable to the fact that the data are plotted as a function of
fluence for all of the proton energies. Estimates of damage when
comparing either different impinging particles, or like particles
at different energies are best done within the framework of the
damage-energy cross sections. Assuming the results for iron

closely approximate those for niobium the range of damage-
energy cross sections (10) for protons range from 1000 bkeV at
400 MeV to0 2300 bkeV at 2000 MeV. Thus, the damage-energy
cross section increases by a factor of 2.3 for the increase of
proton energies of a factor of 5.

Inorder to compare the scatter of the low-fluence data

with expected differences i damage-energy cross sections, the
data were bounded by lines drawn through the uppermost and
lowermost points as seen in Fig. 6. That dA p/dé is a decreasing
function of fluence because of defect recovery as the damage is
being created was discussed above. [t is also true that the values
for the final slope of the dA p/d curve also depend upon the
purity state of the material (11). This implies that the family of
curves for irradiations at differeny energies, having different
damage cross sections, would also not track each other since the
defect buildup per unit flucnce would create the same situation as
differing levels of impurities for differing specimens. Because of
this expected deviation with fluence, comparison of the upper
and lower curves of Fig. 6 would best be done for dA p/dd
values obtained at  =0. Extrapolation of the data back 1o the ¢
= ( point, however, is quite uncertain. We therefore make the
comparison by taking the ratio of the changes in RRR as
measured at the = 1 x 10" p/em?. point. This gives a ratio of
1.6 for the upper value over the lower value to be compared with
the value of 2.3 predicted on a damage-energy cross section
evaluation.

The data for A(RRR™) are plotted as a function of
relative damage in figures 6 and 7. Using the damage cnergy vs
encrgy results referenced above of Wechsler et al. %, the present
results are normalized by scaling the damage. Here, relative
damage 1s obtained by multiplying the proton {lucnce by the ratio
of the damage-energy cross section for the energy at that {fluence
by the damage-energy cross section at 200 MeV. In Fig 6 the
relative damage energy is plotted as a linear function of the
resistivity change. The nonlinear changes are again evidenced,
and the data define a single curve, albeit with considerable scatter
at the lower fluences. This scatter is better scen mn the plot of
Fig. 7 of the log of the relative damage. These data, for
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Fig. 7. Same as Fig. 7 but with the relative damage energy
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both RRR =316 and RRR = 1716, confirm that the measured
A(RRR™) are independent of the RRR of the starting material.

Effects of Differing Starting Resistivity Ratios

The results depicting the RRR results for specimens
with different starting RRR values is displayed in Table 2. The
results for the three higher cnergies are from the Satumne
irradiations where equal fluences were obtamed for both the US
specimens and the higher-RRR French specimens. For the 200-
MeV irradiations done at BLIP, the RRR's of the French
specimens were lower than the US specimens. For the RRR =
175 specimens there is no RRR change measured outside the
10% uncertainty level even for fluences to 2 x 107 plem?,
whereas the RRR = 316 evidenced a 25% decrease at that
fluence. For the higher-energy irradiations where the two
specimen types had RRR's of 316 and 1726, respectively, the
percentage changes observed were of the order of four times
higher in the higher-RRR specimens, roughly in keeping with
the ratio of the RRR's themselves.

One important parameter that characterizes the
performance (figure of merit) of a superconducting rf cavity is the
Q of the cavity. The higher the Q, the lower the losses, and the
more effficient the cavity. This Q value is directly related to the
surface resistance R by the experssion

Q =G/R,, ©)
where G is a geometrical factor only related to the shape of the

cavity The surface resistivity can be divided into two terms. One
1s the usual BCS resistance which increases exponentially with

temperature, and the other is the bulk normal-state resistivity.
The BCS part is directly related to the RRR (it increases with
RRR), whereas the residual part is mostly independent of the
RRR. Therefore, RRR decrease induced by the damage will
affect the Q value at higher temperatures (4.2 K, e. g.), but have
very little effect on the Q value at lower temperatures (2.0K, e.
g.) As the APT cavilies are designed to operate at 2 K, one
would expect no significant degradation of of the quality factor
even though the RRR might be decreased from 300 to around
200 due to radiation damage over the lifetime of the cavity
(assuming no intermediate warming 1o room lemperature). .

Table 2 Effect of Differing Starting RRR Specimens

Energy RRR,; Fluence -ARRR  RRRy, % Change
{MeV) 10" p/fem?)

200 316 50(50) 64 252 20
200 175 50(50) 12 163 0.74
200 316 200200) 80 236 25
200 175 200200) 18 157 3.1
800 316 3.0(862) 23 293 73
800 1726 3.0(862) 488 1238 28

1300 316 5.0(17.6) 36 280 H
1300 1726 5.0(17.6) 797 929 46

1600 3160 1.5(5.52) 28 288 89
1600 1726 1.5(5.52) 510 1216 30
Conclusions
I. The damage rates as measured by resistivity change for

energetic protons in the energy range from 200 MeV to 2 GeV
are nonlinear in fluence, decreasing sharply with increasing
fluence.

2. In comparing damage of particles of differing encrgics
over this energy range, theyvalues scale well using calculated
damage-energy cross sections.

3. The percentages of measured resistivity increase scale
roughly with the initial RRR's of the starting materials. Higher-
percentage changes for a given damage energy is observed for
higher-RRR starting material.

4. The implications of the resistivity-change results on use
of niobium for superconducting cavities operating in radiation




environments and operating at 4.2 K and above is subject to
several caveats. The first is that the assumption here is that the
results we measure for room-temperature irradiation compare
well with results that would be obtained for equal damage-energy
irradiations at cryogenic temperature, followed by an anneal to
room temperature. The assumption is also made that percentage
changes in bulk resistivity due to the radiation are as least as
large as changes in the surface resistance as defined by
measurements of the cavity Q would be from equal damage
increments. ,

For these results, the RRR = 300 material evidences
less than 10% reduction for proton fluences in the (2 - 3) x 10"
p/em? range (for all energies). One concludes, then, that this
fluence over a twenty-year peniod of time should produce no
unacceptable degradation in the cavity Q, assuming the cavities
are warmed to room temperature several times over that time

span. Were the cavities to be continuously maintained at .

cryogenic tempeatures, the equivalent damage would be
produced by a fluence of (2 - 3) x 10" p/em?, assuming 90%
recovery upon warming,

. If cavities are used that have a higher initial RRR, the
limiting fluences above will be scaled down by the ratio of our
bascline RRR =316 to the RRR used.

For cavity operation at 2 0 K and below, the radiation
damage will produce no degradation of the quality factor.

5. The results and interpretations here are consistent with
the recent cavity nradiation results in France and at Los Alamos.
They are inconsistent with the much earhier results at Brookhaven
where large changes in Q) were measured for irradiations at 2.0
K or below.
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