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Abstract. Hydrofluoridric chemistry, hot chemistries, plasdiacharge, different kinds of baking, etc... sevetafaxe
treatments modify the §E..J profile of bulk niobium cavities. The analysis thfese modifications allows a critical
comparison with theoretical predictions. Furthermogiven the high field Q-slope improvement by bakiand its
insensitivity to an additional hydrofluoridric chestry, the diffusion process cannot be only consideas a consequence
of the thermal process. In this perspective sontitiadal experiments are undertaken at Saclay wheréintegrated
baking system” will soon be built.

INTRODUCTION

To improve the cavity performances and reach higttensic quality factor @ higher accelerating field g or
higher quench field, it is necessary to understaedy vs. E..curve (Fig.1). For that purpose, several pathe ltav
be explored:

Macroscopic experiments developed on niobium cawihjch give a direct access to the(Bd
profile. Advances on this way can be made indepeathdef theory and surface analysis through more
or less empirical observations and arguments.

Microscopic surface analyses on niobium samplesuaedul for punctual verification, to sustain a
theoretical argument or to suggest new macroscepperiments. Unfortunately by this way, it is
difficult to have a direct link with macroscopic sgyvations (Q-slope, for example). For that reason,
surface analyses remain strongly connected toitteeand to experiments on cavity.

Theory that can ensure physical explanation i iitni agreement with observations from macroscopic
experiments.

The subject of this paper is to describe macroscegperiments carried out at Saclay and based dacsu
treatments that modify the (B, profile. These results will be confronted to thies developed to explain the
different parts of @E,.J characteristics.

Q-SLOPES

On Fig.1, the curve §E..) shows clearly three parts with different slopédoav, medium and high fields
(LF,MF and HF Q-Slopes). These three parts arebleisbn bulk niobium cavities regardless of theisomant
frequency (Fig. 2). Theories that can be proposezkplain the Q-slopes origin are:

at low field , the NbQclusters theory [1]

at medium field, several theories based on thedisalpation [2]

at high field, among a lot of theories [3], thedriace Tunnel Exchange [1] or the Magnetic Field
Enhancement [4] can be mentioned, although thdtdas cannot explain the high field Q-slope
similarity observed on chemically (BCP) and elegindished (EP) cavities (see Fig.1).
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FIGURE 1. Q vs. B¢ curve showing the different Q-slopes for caviifgs8 GHz) treated with standard chemistry (BCP) and
electropolishing (EP). We can note Q-slope sintjgiéspecially at high field) for cavities with BGP EP chemistry.
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FIGURE 2. Q-slopes of monocell niobium cavities, with BCRetistry, designed at different resonant frequene$, 1300

and 1500 MHz).

BAKING AT LOW TEMPERATURE

Description

Baking is the first known treatment able to modifig three Q-slopes. It was first discovered on & B@vity
after it underwent a soft heat treatment (110 2CA® hours), the inner volume being pumped in dtigh vacuum
(UHV) [5]. The consequences for its performancesewEig.3):

* the Rycsdecrease about 50% at 4.2K,
» the residual resistancg.Rncrease,

* the Q-slope enhancement at low field,
« the slight flattening of the medium field Q-slope,



» the strong Q-slope improvement at high field.
These observations are the mark of the “bakingc&ffend it can be demonstrated that it also takasepin
baking under air at the atmospheric pressure [ig}4F
Furthermore, without such treatment, cavities (eslestropolished) do not reach 40 MV/m (Fig.5).
The high field Q-slope improvement after bakingjissi-definitive: almost four years after bakintprage in
open-air on shelves, the cavity shows an unchapg#de (Fig.10).
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FIGURE 3. Q-slopes change after UHV baking on a BCP cavity.

Baking Consequencefor the Medium Field Q- Slope

The baking effect on the medium field Q-slope régain [7] from RF tests on CEBAF and TESLA mullc
cavities show an increase by a factor of 3 or 4anbange from a quadratic to a linear dependence.

According to the experimental results obtained atl&/ the analysis is different. Saclay data atediin using
the formula from the Halbritter's model [1]:

(Rs—R,)/R, =1+yB?/BZ @)

where R, = R.(B, =13mT), B, =200mT
and B, /E,.. =4.221mT/(MV/m) or 4.156mT/(MV/m) for D122 cavity.

Data are analysed between 3 and 18 MV/m to prabeninfluence of the low and high field Q-slopegsRits
are compiled from twelve RF tests made on eightamllecavities, two of them being electropolishédquadratic
variation is found before and after baking, witblight flattening {yly ~ 5%) after baking (Fig.6-7).

The very different results between these experismant those reported in [7] are probably to be downthe
difference of the conditions in which the bakingsweerformed in each laboratory.
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FIGURE 4. Air baking at the atmospheric pressure of a BGRtya
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FIGURE 5. UHV baking on an electropolished cavity.
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FIGURE 6. Quadratic behaviour of the medium field Q-slopfoleand after baking @E,..= 4.156 mT/MV/m).
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FIGURE 7. Gamma factor of the medium field Q-slope beforé after UHV baking on BCP cavities, except for CHI@l
D122 (electropolishing) and for C110-b (air baking)

SURFACE TREATMENT BY HYDROFLUORIDRIC ACID

Surface treatment by hydrofluoridric acid is comiyaand successfully used at Saclay to suppress diglission
from the cavity surface (Fig. 9 C1, Fig. 10 I1)pesially when emitters can not be removed by arnitiaddl high
pressure rinsing (HPR). This result can be expthimethe Nb surface renovation. During hydrofluddctchemistry
(HF), Nb pentoxide surface layer is dissolved agditwy to the chemical reaction (Equation 2):

Nb,O, +10HF — 2H,NbOF, +3H,0 @

Nb,Os-Nb interface is also affected by this chemistryaosizeable depth. Although this statement shoeld b
verified by surface analysis on samples, a chamgjeei surface resistance fEquation 3) is clearly shown on baked
cavities after hydrofluoridric chemistry (Fig.8 af@ble 1). The consequence of such a treatmenttiena to
restore the Rsvalue before baking and in a smaller extent thgsRne. The energy gab seems unchanged before
and after HF chemistry. Of course, thedRange after HF chemistry has consequences dp-giepe profile.
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FIGURE 8. Surface resistance change after baking and HFistrgm

TABLE 1. Change of surface resistances after baking tredtfmlowed by HF chemistry.

Cavity Test Re@15K Ad Ries
N°  Chemistry nQ 10°nQ.K | nQ
E1l EP 6,0 2,3 4,6
C103 | E4  baking 9,1 1,3 8,3
G1 HF 6,3 1,5 5,5
J1 BCP 1,8 2,4 1,2
C105 | K1  baking 3,2 1,5 2,7
L1 HF 2,2 2,0 1,7
P1 BCP 7.1 2,1 6,2
Cl116 | P2  baking 8,3 1,3 7,4
Q1 HE 6,1 1,3 55
B1 EP 6,5 2,1 6,0
D122 | B2  baking 10,0 14 9,7
C1 HF 7.1 1,7 6,7

Low Field Q-Slope Analysis

Due to R modifications, we can see on Figures 9 and 10ttimatow field Q-slope, enhanced by baking (Fig.9
B2, Fig. 10 E5-F1), is removed by HF treatment (Big1, Fig. 10 I1) and that the slope before bgkkig. 9 B1)
is roughly recovered. Moreover, an additional bgkiestores the Q-slope enhancement (Fig. 9 C2fa&ur
treatments by baking and HF chemistry have an afgpeffect on Q-slope at low field.

Consequently, the origin of the Q-slope at lowdi@H<10mT) is probably localised at the interfacebium-
oxide or very close to the niobium surface, insh&ll layer removed by HF chemistry. These obsematanyway,
are not incompatible with the NQR®@Ilusters theory [1] that gives an explanationtifer low field Q-slope.



High Field Q-Slope Analysis

Modifications by HF chemistry are only visible atl field. Medium and high field Q-slopes are unefiéel.
Especially, the high field Q-slope before bakinghig restored and the baking benefit is maintaigied. 10-11).
This means that the changes induced by bakingntove the high field Q-slope, are deep enough tartadéfected
by HF chemistry (renovation of NOs layer and Nb-oxide interface). This observatiofutes particularly the
“Interface Tunnel Exchange” (ITE) theory [1] whiergues that the decrease of,8b thickness during baking
explains the Q-slope removal.

After HF chemistry the metal-oxide interface isudtbwith interstitial oxygen forming a bad supenclucting
layer (NO, NksO), true origin of the high field Q-slope accordtagthe theory [8]. In this theory, Q-slope removal
after baking is explained by the oxygen dilutiortlie bulk. However, HF treatment applied on bakadtg does
not restore the initial Q-slope (before bakingjutiag consequently this theory.

As we have already noted, the baking treatmentmade four years before: the baking effect and thety
change can considered as definitive.
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FIGURE 9. HF chemistry suppresses field emission and mad@ieslope at low field.
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FIGURE 10. HF treatment and its consequences on a baked\H# (feeld emission and low field Q-slope).



DIFFUSION PROCESS

Before the baking effect discovery, the oxygenudiibn, concomitant to any heat treatment, has bédaly
considered. This is because a lot of oxygen is doanthe niobium surface as niobium oxide, sub-exidr as
interstitials and because it easily diffuses inlibék material, even at low temperature [9].

To evaluate this process, we can use a simple nmmassd on the second Fick’s law giving an analstilution
(Equation 4) for the concentration of a diffusingreent in a semi-infinite medium:

C(xt)/Cg = erfc——=

2./D(T)t @

where D(T) is the diffusion coefficient of the considered raént [10], with initial condition in the bulk

C(X,O)EO and the boundary condition on the surfa@éO,t)ZCS. According to this model, we can see in

Fig.11 for the usual baking parameters ( T=120t& 60 hours) that oxygen penetration by diffusiesimilar to

the RF penetration depth at 2 K (~50 nm) and tlia¢roelements likely to be present at the surfaiteogen or
carbon) diffuse 100 times less than oxygen.
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FIGURE 11. a) Oxygen diffusion profiles in Niobium for diffent temperatures and baking times.
b) Nitrogen and Carbon diffusion profiles at 12G6€60 hours.

Some observations of the baking effect can be tjrattributed to the oxygen diffusion like the dease of the
Rgcs resistance through its dependence on the eleatesn free path [11]. The high field Q-slope caro ds
linked to the diffusion process because a stromgetaiion has been observed at Saclay betweenthedhie of the
high field Q-slope onset and the baking time (F2y.1

The right parameters to improve the performanceghefcavity by baking seem to be 100°C for 60 hours
(Fig.13) with a “moderate” oxygen concentrationtie RF superconducting layer to dope niobium. Aghkr
temperatures (up to 250°C), decreases HfgQench field and critical temperaturg fave been observed [12-13]:
this corresponds to niobium pollution with probabdy much oxygen under the surface. Above 250°GOiis
totally dissolved and the trend is reversed with iticrease of these parameters, correspondingyieaxdepletion
on the cavity surface.

All these observations lead to think that the oxygbffusion process plays a crucial role in the igav
performances at high field.



To continue with the diffusion hypothesis, we saatithe effect of temperature and time changes. @xoe the
oxygen amount present at the Nb surface, “fastriggiki145°C / 3 hours) should be roughly equivalenterms of
diffusion with the usual baking (110°C / 60 houssy lead to a similar behaviour for the high fi€elope.

The other advantage of the “fast baking” combinéith Viair baking” is to be easier to implement thhe usual
UHV baking, not to mention the avoided risk of beti leaks. Such baking could be directly realizedl&n room
under laminar flow. This procedure will be usedtéasl of the usual air-drying, between high pressimsng and
cavity assembly, using IR heaters and remote thesemsor (Fig.14) to regulate the temperature foodrs.
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FIGURE 12. The E.Vvalue of the Q-slope onset is increasing withitaking time.
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FIGURE 13. Deterioration of Qand quench position with the increase of UHV bgkemperature.



FIGURE 14. 1.3 GHz cavity, IR heaters and thermal sensoftfémt / air baking” in clean room.

SURFACE TREATMENTSBY HOT CHEMISTRY

These surface treatments are characterized by i@dnattack of the niobium pentoxide by baths of ioitr
phosphoric or nitric-sulphuric acids at 110°C dgrone hour.

6 Nb +10HNO; - 3Nb,0O, +10HNO +5H.,0
Nb,O, + 2H,PO, - Nb,0,(PO,), + 3H,0
Nb,O, + nH,S0, — Nb,O,_,(S0,), + nH,0O
As we can see on Fig. 15, such treatments causeexa deterioration of Q-slopes at medium fielthvei less
marked transition between medium and high fieldl@pes. These results are only incidentally repotiede,
because of the general and disappointing deteidoraf the Q(Es.) curve. Causes of this deterioration are not well

understood at this moment but they are certainky ua surface pollution correlated with a therwlifusion of
some elements.
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FIGURE 15. Treatments by hot chemistries lead to the mediald -slope worsening.



CONCLUSION

Modifications of Q-slopes, induced by some spedi@atments of the cavity surface, can help ushtetstand

the Q(Eacd curve:

Hydrofluoridric chemistry improves the low field §epe, suggesting its origin in the )} -Nb interface. This
is compatible with the cluster theory,

HF treatment is very useful to suppress the fietldssion. Applied on a baked cavity, this treatmaéo¢s not
affect the high field section of the curve. Higkldi Q-slope and its cure by baking find their arign the
niobium metal and not at the interface. This reseftites the “Interface Tunnel Exchange” and thadB
Superconducting Layer” models as theoretical exgilans,

Baking modifies low, medium and high field partstbé curve with an increase of the slope at lowdfiés
suppression at high field and a trend toward flattg at medium field.

Strong correlation between high field Q-slope arggen diffusion leads not only to consider thidulfon as a
consequence of the cavity baking but as the prebaall cause of the high field Q-slope improvement.
Future experiments on “fast baking” should learmrerabout this hypothesis and open the possibditpake the

baking in the clean room.
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