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Coupling Adjustments for Cavities with Gradient Disparities
J. Branlard, U. Mavric, J. Keung*, B. Chase,

Fermilab, *U-Penn

Abstract - This work focuses on issues related to gradient disparities among cavities and how this can be addressed by adjusting the cavity coupling and its allocated power. The goal of this work is to show that if such a scheme does work for optimal beam conditions, it will result in a cavity quench when running in low beam or no beam conditions. Furthermore, we will show that lowering the operating gradient to prevent individual cavities from quenching does not work (i.e. the cavity will quench anyway).

1. INTRODUCTION
The cavity equations used in this work are derived from T. Schilcher’s PhD thesis [1]. The simulations consider the simple case of two cavities, one with a nominal gradient V0 = 33.5 MV/m and a second one reaching a lower gradient V = V0 (1-d) where d ranges from 0 to 20%. A nominal beam DC current of Ib0 = 9.5 mA is assumed. The cavity unloaded quality factor is Q0 = 2(1010 and its nominal loaded quality factor is QL0 = 3.0(106. The nominal forward power is found to be Pk0 = 330 kW and the filling time t0 = 2QL0 ln2 /(0 is kept constant for all cavities. For the nominal cavity, and under nominal beam and generator conditions, the gradient will remain flat during beam loading. It has been shown that for a cavity which does not operate at the nominal gradient, adjusting its distributed forward power Pki and its coupling QLi while keeping constant all other parameters will allow for flat top conditions during the beam loading. In practice, it is the coupling factor ( that is being adjusted, which has a direct impact on the loaded QL. In this work, the coupling adjustments are directly referred to as changing QL. Fig.1 illustrates the power allocation per cavity Pk i, and the coupling adjustments QLi , at the cavity coupler. 
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Fig.1: the klystron forward power and the cavity coupling are adjusted to maintain a flat top during nominal beam operations.
The next section of this document will focus on the nominal beam case, while the following section will consider the low beam or no beam conditions. Conclusions will be given in the last section. 

2. NOMINAL BEAM CASE

The coupling adjustments required to ensure a flat top during nominal beam loading can be obtained by solving for Q​L in the following equation (cf. C. Nantista & C. Adolphsen [2]):
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(1)
The klystron power distributed to the cavity has to be adjusted as well. It can then be derived using the following equation:
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(2)
where Pk0 is the klystron power corresponding to the nominal cavity (here, Pk0=330 kW). The plots corresponding to Eq.(1) and (2) are given in Fig.2
[image: image4.png]



Fig.2: coupling and power variations as a function of gradient

As can be seen in Fig.2, as the gradient is lowered, QL increases. However, the klystron power first decreases, passes through a minimum when V is around 10% lower than the nominal gradient V0, and starts to increase again and becomes greater than Pk0 around 15% below V0. This indicates that the amount of power needed to run a cavity at a gradient lower than 85% of the nominal value is greater than 330 kW. Fig.2 also shows that for every operating gradient V, solving Eq.(1) and (2) will yield the required coupling factor and klystron power to maintain a flat top under nominal beam operations. The plot of Fig.3 illustrates this by showing the cavity voltages for 5 values of d. The nominal cavity (i.e. reaching the nominal gradient with the nominal coupling factor and klystron power) is shown in thick red line, while the lower gradient cavity is shown in dashed blue line. Corresponding coupling and forward power adjustments are indicated.
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Fig.3: coupling and power adjustments for five different cavity gradients

In agreement with Fig.2, as the operating gradient is lowered, the loaded Q is increased (i.e. the coupling is decreased), while the power goes through a minimum around d=10% and start increasing as we reach lower operating gradients. In all cases, the flat top is maintained during the nominal beam loading, as expected. 
2. NO BEAM CASE

In the “no-beam” case, the forward power is dropped during the flat top to account for the absence of the beam. The ratio by which the generator voltage is dropped during the flat top in no-beam conditions is denoted as r, as illustrated below:
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Fig.4: In no beam conditions, the generator voltage is dropped by a ratio r to account for the power no longer delivered to the beam. For nominal beam conditions, r = 1 and the klystron power remains unchanged during the flat top.
For “no-beam” condition, when driving multiple cavities with one klystron, the ratio r can be calculated so that the vector sum of all gradients remains flat. This does not require individual cavity gradients to be flat, and actually, it will not be the case if the cavities have different nominal gradient. In the general case of N cavities, this ratio can be obtained by the following equation: 
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(3)
where the QLi are given for each cavity. This ratio is only a function of the loaded Q’s. In the special case where all gradients are nominal, all QLi = QL0 and r becomes 2, as expected. 
The “no-beam” case is illustrated in Fig.5. The blue dashed traces correspond to the lower cavity for two different values of d (3% and 8%). The thick black trace corresponds to the gradient sum of the nominal and the lower cavity. The gradient curve of the nominal cavity is not shown.
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Fig.5: the forward power is dropped to maintain a flat top for the vector sum in “no-beam” condition

As the gradient of the lower cavity decreases, the ratios r are being increased (i.e. the forward power is increasingly dropped during the flat top).  As can be seen, adjusting the ratio r ensures that the vector sum remains flat during the flat top (thick black curves). However, this is not the case for individual cavities, as can be seen in the case of the lower cavity (dashed blue trace). This behavior is not desirable because the gradient of the lower cavity now increases during the flat top and can exceeds its quench limit. 
3. LOWER GRADIENTS AVOID QUENCHING?

An approach commonly cited to address the issue of cavities quenching because of flat top coupling adjustments consists of lowering their operating gradient. The goal of this section is to show that the quenching limit will be reached in no-beam conditions with a full pulse length, regardless of the set point value. This is due to the fact that lowering the operating gradient of a cavity requires a coupling adjustment to guarantee the flat top when the beam loading is nominal. As seen in section 2, a lower set point requires a higher QL which results in a higher time constant ( = 2QL/(0 and a steeper slope during the flat top. So, the cavity gradient reaches its quenching limit anyway. Fig.6 illustrates this with an example.
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Fig.6: attempt to lower the set point to avoid quenching the cavity
Let’s consider the case of a cavity that can only reach a maximum gradient 4% below the nominal gradient of 33.5 MV/m (i.e. 33.5 ( 96 % = 32.2 MV/m). This quenching gradient is shown in dashed line in Fig.5. By lowering the set point of the cavity, one can hope that the cavity gradient won’t exceed its quenching limit. However, in order to maintain a flat top when the beam conditions are nominal, the coupling and the power are adjusted according to Eq.(1) and (2). So for every decrease of the cavity operating gradient, a new set (QL, PK) is chosen. In the example of Fig.6, the set point amplitude is lowered from its maximum value (32.2 MV/m) to 20% lower than the nominal value (26.8 MV/m). One can see that as the set point amplitude is decreased, the slope of the gradient increases (following the QL adjustments), and in all cases, the cavity will quench. It is also important to note that the power requirements become extremely high for operating gradient below 85% of the nominal value. In this example, running at 26.8 MV/m and maintain a flat top with full beam loading requires 357 kW of forward power. 

This example illustrates a situation where a cavity with a lower nominal gradient cannot be prevented from quenching by lowering its set point (if one requires the vector sum to be flat). 
4. CONCLUSIONS
A simple model was developed to show that running cavities with gradient disparities will result in operational challenges. If we assume nominal beam loading, adjusting the cavity coupling and its distributed forward power will guarantee a flat top operation. However, for beam conditions below nominal beam loading, under-coupled cavities will see their gradient increase during the flat top. For RF pulse lengths in the order of 800 (s and for operating gradients within 85% of the nominal value, this gradient increase during the flat top will result in the quenching of under-coupled cavities. Lowering their operating gradient will not prevent quenching from occurring, as the coupling and power adjustments for lower set points have a negative impact on the gradient increase during the flat top. To the authors best knowledge, no working solutions to this issue has yet been found. This poses serious operation problems especially for the accelerator conditioning phase, when the beam current is being gradually ramped up. 
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