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A short history of shorts!

Tests were conducted on the solenoid coils one and three at IUCF on Dec. 1 and 2. These tests had the goal to accurately determine the location and magnitude of the ground shorts in each of these coils. The tests performed were 1) coil polarity determination, 2) DVM measurement of short resistance and location, 3) a “magnetic influence” test of the shorted turns, 4) short location using voltage drop as measured at the voltage taps and 5) measurement of the V:I characteristic of the short resistance. The conclusion of these measurements is that both shorts to ground are close to the same (-) lead and they are both located at the corner of the coil ID and the coil end plate. The number of turns shorted matches the number of turns that make up half of  a  double pancake for both coils 1 and 3. This is the same place historically that coil 4 was shorted. The further conclusion is that the cause of the shorts is the same.
Historically a hard short to ground ( ~ 0.1 ohms)has existed in coil three since 1986 and in coil one a short of ~ 25 ohms to ground was observed at the same time. After arrival at IUCF all coils were re-measured and coil three had the same  ~ 0.1 ohm to ground and coil one had an observed short of 1.85 ohms to ground. Upon comparison to historic values and subsequent measurements it became clear that the lead naming convention was reversed. This was due to coils 1 and 2 being upside down upon arrival at IUCF and thus the right and left leads were reversed. The measurements presented below are referenced to the plus and minus lead which match the LANL marked lead (+) and not marked (-). The first measurement therefore was to determine coil polarity with a small power supply and a gimbaled compass.

Coil 4 was found to be shorted in 1973 at SLAC. The short was traced to a failure of the DMD ground insulation that was used between the Titanium springs and the stainless axial straps and between the stainless traps and ground. Coil 4 was fixed by opening it and inserting G-10 strips between the coil and the stainless straps. After the repair all four coils passed hi pot tests. A memo by Alcorn from 1973 warned that shorts in the other coils could easily arise by the same mechanism (DMD failure) and even in the second current block in coil 4. A recently revealed logbook page from 1975 indicates that a 25 ohm short in coil 1 was observed at SLAC. The location seems to be different from the current short in coil 1 but this may simply be another case of confusion over different definitions of coil polarity.
Coil Polarity measurement.

A DC power supply capable of 10 Amps and 20 volts was placed across coils one and three and a gimbaled compass was used to determine the magnetic effect of a positive current. The earth’s field caused the blue tip of the compass to point up with no current.

When the positive DC lead was connected to the lead marked by LANL on both coils

The red end of the compass pointed up with the compass held near the outside of the coil. A very small current of ~ 0.25 amps was required to null the earth’s field. This clearly identifies the positive lead on both coils and will be used as a reference for subsequent measurements.

Coil static resistance measurements. 
                 Coil         + to gnd     - to gnd

Coil 1        4.3              5.9             1.6           + lead on + or reversed

Coil 3        2.3              2.3             0.2            + lead on + or reversed
Coil one has a 1.6 ohm short to ground close to the (-) lead

Coil 3 has a short that is ~ 0.1 ohms and close to the negative (-) lead.
Magnetic influence of short

This test involved putting a small positive current thru the short to determine if any turns were involved. Even a few shorted turns should produce a localized detectable magnetic effect on the gimbal compass. The positive current direction is from the short to the negative lead.

A weak magnetic effect was detected for both coils 1 and coil 3 with a small 6 amp current thru the short. The effect was only seen when the gimbal compass was held near the mounting flange of the coil. The effect was a small tilt from blue up to near horizontal depending on location. The effect was visible on the outside near the flange and under the flange. There is no magnetic effect on the gimbal compass when on top or over 6 inches from the flange moving up. This strongly suggests that the shorted turns are very close to the coil mounting flange and are in the lowest sub coil. This is significant qualitative evidence that the shorts are in the lowest sub coil and not just in the SC bus lead as there must be some complete turns shorted out to cause enough magnetic field to tilt the compass. This effect was visible around the entire circumference of both coils.

Both coils were retested with the help of an IUCF tech who turned the current up and down from zero to 6 amps. This on /off type measurement eliminates position uncertainty as the gimbal can be held fixed and the tilt observed.

Short location using Voltage taps for Coil 1 at 3 Amps and 5 Amps
All solenoid coils have voltage taps that are used for quench detection during super conducting operation. While the coils are at room temperature the coils can be used as a voltage divider and the taps used to measure the progressive voltage drop from plus lead to minus lead. That in conjunction with the short to ground used as a voltage tap, the short can be accurately localized. A small DC power supply was wired across the coil plus lead to minus lead, the current set at 3 Amps and 5 Amps and all voltages recorded.

The archival number of turns and voltage measurements was used to positively locate the voltage taps within the coils and the voltage drop between ground and adjacent voltage taps used to locate the specific number of turns shorted. Since the sub coils vary significantly in size, only the average resistance per turn of the shorted sub coil was used to determine the short location for better accuracy. The results for coils 1 and 3 at 3 amps and at 5 amps give identical results and are displayed below.
I    3.040 Amps                                               5.06 Amps
+ to -   13.54 V                                                22.43   V
+ to g   13.27 V                                               21.97   V   
- to g    0.279 V                                                0.464  V
Voltage taps measured to (-) lead

# 27      13.54                                           # 27  22.43  V
#28         8.18                                           # 28  13.57  V
# 26        7.06                                           # 26  11.72  V
# 25        6.32                                           # 25  10.50  V 
# 29        4.32                                           # 29    7.14  V
# 30        0.002                                         # 30    0.003 V
# 29 to gnd   4.02                                              6.68 V
#30 to gnd    0.277                                            0.461 V
The short is in the portion of “coil 1” defined by taps 29 and 30. This sub coil has 448 turns. The winding pattern is 8 layers by 29 turns and 8 by 27 turns.

The number of shorted turns is 0.277/(4.32)*448 =  28.73 turns at 3 Amps

And the number of shorted turns at 5 amps is 0.461/(7.14)*448 = 28.92 .

 The short is 29 turns from the negative lead end. The coil is wound as a set of double pancakes. The fault is where the 29th. turn contacts the ground plane near the hub at the midpoint of the first (from the negative end) half double pancake
Coil 1 has a resistance of 4.454 Ohms as determined at 3 amps above.

At 5 amps the value is 22.43 volts, 5.06 Amps and the coil resistance is 4.432
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Coil 3 short location using voltage taps as a divider at 3 Amps and 5 Amps.
I = 3.010 amps                                         I= 5.01 Amps
+ to -   7.12 V                                             11.84   V
+ to g   6.95 V                                             11.65  V
- to g    0.106 V                                            0.176 V
Taps to (-) lead

# 30    7.11 V                                       # 30  11.84     V
# 32    4.20 V                                       # 32    7.000   V

# 31    1.189 V                                     # 31    1.980   V
# 28    0.793 V                                     # 28    1.320   V
# 29    0.002 V                                     # 29    0.003   V
# 28 to g    0.687 V                                         1.145   V
# 29 to g    0.104 V                                         0.173   V
There are 132 turns between tap 31 and tap 29.

Shorted turns =  0.104/(1.187)*132 = 17.56 turns  at 3 amps and

                           0.173/(1.977)*132 = 17.55 turns  at 5 amps.    

The short is clearly in the lowest (near to flange) sub coil of “coil 2” between taps 28 and 29. The short is calculated to be 11.55 turns in from the negative lead. The coil is wound as a set of double pancakes. The first 12 turns in is a half double pancake. The short is at the midpoint of the first double pancake from the negative end.
Coil 3 resistance at 3 Amps is 2.365 Ohms.
Coil 3 resistance at 5 amps is 11.84/5.01 = 2.363 Ohms.
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Short resistance determination by independent V and I measurements.

The following procedure was used to make more accurate measurements of the short to ground in coil 1 and coil 3. A DC power supply and ammeter was connected between the negative lead and ground. A voltmeter was connected across the negative lead and ground. The current was increased in steps of ~ 0.5 Amp and the voltage drop and current measured. The resistance can easily and accurately be measured. The following graphs have the results of two of these measurements.
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This measurement is the sum of the short resistance and the portion of the coil between the short and the negative lead. The coil portion resistance is 0.091 from the previous measurements. This implies that the coil 1 short resistance is 1.571 Ohms.
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The coil 3 short resistance presented in the graph contains a portion of the coil 3 resistance between the negative lead and the short. The coil resistance portion from above is 0.0345 Ohms. This implies that the short in Coil 3 is 0.026 ohms.

Conclusion on shorts and measurements
The above measurements present a clear signature that the coil ground insulation

has failed in both coils one and three at the same relative location. The number of turns in both coils 1 and 3 that are between the negative lead and the short matches the number of radial layers of conductor. The solenoid was wound as double pancakes. Therefore in the sub coil in coil 1 that is shorted, the short location at 29 turns in from the negative lead is exactly the midpoint of the first  double pancake .Similarly in coil 3 the short is ~ 12 turns in from the negative lead , exactly half way into the first double pancake. This location is common to both coils and is the point where the ground insulation on the cylindrical “hub” meets the flat disc that forms the side of the coil spool. The coil spool side has a Titanium spring that is insulated with a Mylar Dacron composite.
The other commonality is that these shorts seemed to occur after the solenoid travels a significant distance. There seems to be no evidence of shorts in coil 3 from SLAC. The high resistance short in coil 1 was probably measured at SLAC in 1975 although there is some confusion over the location. The short in coil 4 was coincidentally located at the same half way point in the first double pancake of the large current block. The cause was a failure of a Mylar composite ground wrap on the Titanium compression spring. Once failure starts, repeated heating just melts more Mylar making the short less resistive. SLAC repaired coil 4 and speculated that coils 1, 2 and 3 might fail from the same cause. All four coils passed a Meggar test at SLAC in 1973. Upon arrival at LANL, coils 3 and 1 were shorted. Coil three was hard shorted at 0.1 ohms or less while coil 1 was ~ 25 ohms to ground. MEGA apparently ran with these shorts without incident. After shipment to IUCF coil 3 was still hard shorted and coil 1 was measured at 1.85 ohms to ground. At various times coil 1 was re- measured and the resistance has been as high as 4.4 ohms and now seems to be at 1.6 ohms after passing ~ 5 amps thru the short. Considering SLAC’s experience trying to “ZAP” coil 4’s short, heating the short in coil 1 will only melt more Mylar and make it worse.
The Solenoid has one more journey to make from IUCF to Hall D. This final move poses some risk that new shorts will occur and old shorts may get worse.
Finally, I have found no indication as to the temperature dependence of the shorts. LANL ran with two shorts so it may be that one or both of the shorts to ground were lifted at cryogenic temperatures. The single coil testing planned for JLAB would be an excellent way to find out if the shorts have some temperature dependence. 
Remediation of the Shorts
SLAC fixed the short in coil 4 by grinding open the coil and inserting G-10 insulation between the stainless clamps and the winding. This radial array of G-10 strips also served as an additional buffer between the Titanium compression spring and ground. The original insulation was a DMD composite. DMD is Dacron Mylar Dacron. A memo from Alcorn to “distribution” suggests that coils 1, 2 and 3 may fail in the same location and that the same fix would work.

This is certainly the best way to fix the shorts but this procedure is major surgery. The extensive coil winding tooling and experienced staff that were present at SLAC in 1973 and the fact that the short was found right after winding and cryostat closure made the above fix reasonable. A repeat of this procedure is certainly feasible but will be a significant effort with large costs and significant risk and therefore some other options should be explored so that a reasoned choice can be made.
Non invasive remediation.

This means no cutting of the Helium vessel coil cases. These options range from doing nothing to re-circuiting the coils.

Doing nothing really means reducing the voltage that the coil is exposed to. This means designing away the need for a fast dump and maybe reducing the ramp up/down voltage as well. It could include reducing the maximum operating current as well. This solution can only be satisfactory if it is really possible to eliminate the requirement for a fast dump. The fast dump voltage across the shorts will lead to a large current thru the short and the large inductance that is between the shorts means that there is considerable magnetic coupling to the main field and energy in the short circuit.

Reducing or eliminating the fast dump voltage means that several traditional magnet failure modes have to be eliminated. 

Cryostable SC magnets like the solenoid cannot propagate a quench if they are full of LHE. The definition of cryostability means that quench velocities are always negative thus resulting in shrinking normal zones. This is only true if liquid Helium covers the coils so liquid level measurements becomes critical. This can be assured by using the three devices and two technologies philosophy similar to life safety systems. Dual independent liquid level probes and a stack of independent Helium thermometers would provide the required redundancy and reliability.

Protection from and prevention of all causes of rapid loss of Liquid Helium is the next concern. Loss of vacuum, if catastrophic can cause a rapid loss of LHE. This can be prevented by having no open connections to pumps (absolutely no vacuum leaks) and carefully protected vacuum relief valves. A further cause of rapid loss of LHE is serious cryo-system upsets. A cryo-system that suddenly forces warm gas into the solenoid will boil Helium rapidly. The causes are varied and range from valve failure, control failure, sensor failure, power failure, refrigerator shutdown and loss of transfer line vacuum.
These failures can be addressed by careful evaluation of consequences, choosing the Helium Head tank large enough so that the solenoid can safely be discharged with no more than the charging voltage of 10 volts which is a 3960 second slow dump. A passive slow dump that works in the event of a total power failure must be installed.

The vulnerability of vapor cooled current leads (VCL) for SC magnets is well documented. The long discharge time of 3960 seconds is a challenge even at 1800 Amps but is solvable. The cost of no burnout current leads with this long discharge time will be some loss of cryogenic efficiency, large size and somewhat higher cost compared to more standard leads. Alternatively, a system that vents the leads to atmosphere to maintain lead flow, if truly fail safe could also provide the required VCL safety.
Life and adjacent equipment safety are two further concerns. Usually magnetic force accidents or interaction of magnetic fields with human medical electronics are the two areas of concern. GlueX, when in operation has significant fields of several kilogauss adjacent to the solenoid. Some magnetic force hazards exist as a result and these fields are significant for pacemaker equipped individuals. Safety would be administrative in nature as we would be relying on signage and discipline to prevent exposure to individuals with medical devices and administrative controls to prevent magnetic force accidents such as staff being pinned to the magnet with a steel gas bottle. An hour of distress while pinned to the yoke would seem like forever! The use of magnetic tools near the solenoid, moving detector carriages, use of the overhead crane, vehicles traverses of Hall D etc. etc. will all have to be strictly controlled to avoid damage to GlueX anyway so the extra precautions resulting from the slow magnet discharge rate may not be a significant impediment to smooth operations while still maintaining a safe environment.
Clearly a reliable Personal Safety System would have to be in place around the Solenoid consisting of interlocks, devices to measure ambient fields, signage, barriers, non magnetic fences and gates, non magnetic tools in abundance and effective staff training.
The slow dump only discharge means an extra hour wait before some work can be performed in the vicinity of the solenoid during an access for a “quick” repair. This will increase the experiment overhead somewhat which can be partially mitigated by initiating the slow discharge promptly at the initiation of the Hall D access request.
Clearly, the usual JLAB SC magnet pre-ops safety review will be somewhat more interesting than is usually the case!

Trying to “ZAP” the shorts out of existence is nearly certain to fail as it did at SLAC and result in worsening the short. The current used to “ZAP“ the short will very likely reduce the value of the short resistance (Rs) as it did at SLAC during attempts to “ZAP” the short in coil 4 at 15 amps and 85 volts. Obviously reducing the value of Rs will significantly increase the maximum induced current. 

Re-circuiting options

The shorts are near the negative leads of coils 1 and 3. That means that creatively connecting the coils at best leaves coil three across the shorts. The calculated inductance of coil 3 is 1.982 Henries and the mutual inductance between coil 3 and the solenoid is 4.265 Henries. This is a significant problem and results in an induced current of 46.5 amps thru the short during a fast dump. This is likely to cause some damage at the short and if an open circuit results then a catastrophe can occur.
Circuit equations

L*dI/dT = - I * R – M*dI2/dT

Ls*dI2/dT= -I2*Rs - M*dI/dT

Definitions

I is the main current that excites the solenoid= 1800 Amps

I2 is the current flowing thru the two shots thru ground

L is the total inductance = 26 H

R is the dump resistance= 0.25 Ohms

Rs is the total short resistance= 1.6 Ohms

Ls is the self inductance of the shorted turns 
M is the Mutual inductance between L and ls
The values for Ls, M and Rs can be adjusted to fit the conditions for all cases of interest.

This set of coupled equations may be decoupled and an exact solution found that is valid for any circuit variation. However the most interesting solenoid circuits have as a common feature short voltage minimization which means minimizing the inductance of the short circuit. This means that the solutions to the equations above that are most interesting are the cases where the coupling is weak, ie. M is small and one may ignore the M*dI2.dT term in the first equation. The solution to equation 1 is therefore:

I = Io * Exp (-R/L*T)       ( Io = 1800 amps , L/R = 88 seconds)

This is just the familiar current decay of a fast dumped magnet thru an external resistor. This will be valid as long as neither M, Ls or I2 get very big compared to Io or L and as we will see later, the time constants L/R and Ls/Rs must never be allowed to become equal. A solution for I2 can easily be found by substituting into equation 2 for dI/dT from the solution above and seeking a solution for I2 as follows:

I2 = A EXP(-Rs/Ls*T) + B*EXP(-R/L*T)  where A = - B
And

B =  M/Ls * R/L * Io /( Rs/l – R/L)

If R/L becomes near equal to Rs/Ls then the B term blows up resulting in an extremely efficient energy transfer between the main circuit and the secondary short circuit.
This relation is useful to evaluate the several options that involve re-circuiting the solenoid to lower the voltage across the shorted turns. It can also be used to calculate the effect of significant changes in the short to ground resistance.
Tosca Calculation of Inductance and Mutual Inductance.

The TOSCA model of the Solenoid can be used to calculate the solenoids inductance and the separate coil self inductances and the coupling mutual inductances. The process is identical for all calculations and proceeds thru an energy calculation of the appropriate combinations of coil currents. The Solenoid field energy is:

E = Sum 0.5 Li *I^2 + Sum 0.5 Mij * I^2         ( i not equal to j).

Since this is a linear combination, the calculation of coil inductances is done by setting

all but 1 of the 4 currents to zero and evaluating the field energy while calculating the mutual inductances involves setting all but a pair of currents to zero and performing  the energy calculation for each case. The Self inductances come out directly while the mutual inductance must be obtained by subtracting the self inductance from the total.

Ei = 0.5 Li*I^2 = Integral 0.5 Bi*Hi dV

And

Eij = 0.5 (Li + Lj + Mij) * I^2 = Integral 0.5 Bij*Hij dV
Table of self and mutual inductances at 1742 Amps

Coil               Energy       Inductance      N              Ns
Units         Mega Joules       Henries       turns   shorted turns
Solenoid         4.923             25.957        4657          41
Coil 1             1.017               5.362        1428          29              
Coil 2             0.527               2.779         978

Coil 3             0.376               1.982         776           12
Coil 4             1.584               8.352        1475
                                                Mij           Kij

Coil 12           1.965              2.219        0.575  

Coil 13           1.499              0.559        0.171

Coil 14           2.656              0.289        0.043

Coil 23           1.204              1.587        0.676

Coil 24           2.260              0.785        0.163

Coil 34           2.362              2.119        0.659

L = Sum Li + Sum Mij = 26.033 Henries  (delta is 0.3 % from single calculation)
Calculation of the Inductance of the shorted turns and coupling

Coil 1 has 29 shorted turns and coil 3 has 12 shorted turns. These inductances can be expected to be small because the number of turns is so small and for the cases where we are calculating the effects of coil 2 and 3 shorted or coil 3 alone shorted we can simply ignore the contribution of the shorted turns. However for the best case of a re-circuited solenoid with coil 3 installed backwards only the shorted turns themselves are shorted so a calculation is required. The self inductance of the shorted turns can be calculated from the self inductance and number of turns for coil 1 and coil 3 separately. The result can be combined and the coupling calculated to the entire solenoid. The formula for the inductance of coil 1 or 3 is as follows

Li =  A ( N-Ns)^2 + A ( Ns)^2 + A ( N-Ns)*Ns
L(N-Ns) = A ( N-Ns)^2

L(Ns^2) = A ( Ns)^2

M((N-Ns)*Ns) = A (N-Ns)*Ns

                 Coil 1          Coil 3

Lt              5.362           1.982         Full coil inductance
N               978              776            Total number of turns
Ns               29                12            Shorted turns
Li               5.249          1.951         Reduced coil inductance
Ls            0.00221      0.00047        Inductance of short
Ms             0.111         0.0306         Coupling between short and coil
The coupling between coil 1 and its shorted turns and coil 3 and its shorted turns can be expected to have a coupling constant close to one. When coil 1 and coil 3 are installed with the shorted turns adjacent we can expect the coupling between the shorted turns to have a coupling ~ 0.7 similar to the nearest neighbor coupling for the whole solenoid. This can be used to calculate a self inductance for just the shorted turns (29 + 12).

Ls = Ls1 + Ls2 + Ms12 =   0.00221 + 0.00047 + 0.7*Sqrt(0.00221*0.00047) = 0.0037 H

The mutual inductance between the solenoid and the shorted turns can be calculated

Mst = 0.5*Sqrt(26*0.0037) = 0.155 H

Evaluation of maximum current for three conditions

The three possible operating conditions are a 10 volt ramp up/down, a fast discharge thru an 0.25 Ohm resistor and a discharge with an accompanying drop in the short resistance from 1.6 Ohms to 0.1 Ohms. The operation at LANL when the short in coil 1 was 25 Ohms can also be evaluated. We will make use of the formula developed earlier for weak coupling and the formula for steady state current during a 10 Volts ramp up/down.

10 volt case      Is = Ms/Rs * V/L   { V=10V, L=26 H, Rs = 1.6 Ohms)

Fast dump case  Is = Ms/Ls * R/L * Io / ( Rs/Ls- R/L)= Ms/Rs*R/L*Io  for (Rs/Ls>>R/L)

If the short resistance drops to 0.1 Ohms then the full weak coupling formula should be used. The overall assumption of weak coupling may still be valid but should be checked for extreme cases. One should note that including the coupling in the full solution for the current I results in lowering the applied voltage on the solenoid thus lower dI/dT. The weak coupling assumption is a conservative assumption. It also worthwhile to note that the reduced formula for (Is) is also the steady state formula valid when the time constant for Is(t)    Ls/Rs < L/R. LANL operated the solenoid consisting of coils 1,2 and 3 with a 25 Ohm short in Coil 1 and a 0.1 Ohm short in Coil 3. 
Table of maximum short current for all interesting conditions

Case         Io           L       Ls    Rs      Ms    Ramp     Fast      Fast(Rs=.1)   ramp(Rs=.1)
Units       Amps     H.      H.   Ohms   H.     Amps   Amps      Amps           Amps

LANL     1200     14.5   6.35   25    3.17      0.1         2.62         NA               NA
Hall D      1800     26     6.35   1.6    5.7       1.4        61.7          987                22
Re-circuit 1800     26     1.98   1.6    4.3       1.0        46.5          744                16
-(coil 3)    1800     26    .0037  1.6    0.16      .04        1.7            27                 0.6
The Case definitions are: “LANL” three coils with two shorts, “Hall D” is four coils with two shorts, “re-circuit” is Hall D with coils wired out of order so the shorts are only across coil 3, “-(coil 3)” is the Hall D case with coil 3 mounted backwards to place the shorted turns adjacent to each other. All cases are re-evaluated for a possible reduction of the short resistance except for the “LANL” case as this did not happen. The current just increases by the ratio of the RS values so at LANL the worst case current in a fast dump would have been 250 times higher!
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This configuration is the configuration if no measures are taken to minimize the shorts.

The success of this requires the elimination of a high voltage fast dump. Even if the voltage is always less than 10 volts failure can result if over time the short resistance decreases.
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This is a simple re-circuiting to power the coils out of order to minimize the shorted turns.
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This configuration requires mounting coil 3 backwards to locate the shorted turns adjacent to each other to minimize the short inductance and coupling.
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This configuration requires a second isolated power supply so that each solenoid half can have a single ground. The Zero of each system will be set by the short and no current will flow thru ground if the power supplies are well coordinated. A fast dump may be a problem as a fast dump in half could lead to large force imbalances.

Coil re-arrangement option
The coils can be re-arranged to advantage. Coil three could be mounted backwards and electrically connected next to coil 1 so that only the few turns actually shorted in coils 1 and 3 are involved in the short circuit. Furthermore the coils could be arranged in the solenoid to further improve things. The order of coils would be Coil 2, Coil 1, Coil 3 Reversed and coil 4. This puts the shorts adjacent to each other and in the center of the magnet. The use of a high resistance center tap( a pair of 10 KOHM resistors with ground between) across the power supply creates a virtual ground near the center of the magnet. The voltage to ground near the short is thus always very small. This is important because if the short opens the voltage will be lower and the danger from arcing may be reduced. A side benefit is that the amp turns near the upstream end is increased improving the field loss caused by opening the big hole. The resulting short circuit would only involve 41 turns out of 4,608 and thus the inductance and mutual inductance would be dramatically reduced. Positioning the short near ground also reduces risk from an arc over.
The two power supply option

This solution suggested by Claus Rode after the review uses two floating power supplies. The power supplies power separately coils 1 and 2 and coils 3 and 4. The two circuits are linked thru the shorts to ground. Since each circuit is separately grounded at only one point and that point is the common zero of potential no current flows thru ground and the solenoid is relatively safe. The power supplies must be perfectly coordinated for this to be true and it is probably essential to eliminate the possibility of a fast dump. A large current imbalance could mechanically destroy the coils due to large force imbalances
And the resulting large current thru ground would likely severely damage the coils.
Minimally invasive procedures
A minimally invasive procedure means opening the Helium vessel but not un-winding a coil. Since the coils consist of double pancake windings there are a lot of splices and there is a splice at the end of the double pancakes that contain the shorts. The suggested procedure is to open coils 1 and 3 and remove the shorted double pancake from the circuit. This will slightly change the forces on coils 1 and 3 but since the loss of turns is small compared to the total this should be acceptable.

One could also remove the entire sub coil that has the short within coil 1 and 3 but this would remove a large portion of coil 1 and 3 with a significant change in field locally and force on the coils. This is an easier procedure but not really desirable.

Floating the coils

The shorts could be alleviated by floating both coils 1 and 3. This can be accomplished by using insulated feed thrus at each cryogenic and vacuum connection and insulating the coil vacuum vessel from the iron. Eternal vigilance would be required to keep the coils from being grounded. This could be made to work but would be a real pain to implement and maintain and to quote Alcorn, shorts could appear in the remaining coil # 2.
I do not recommend this but include it for completeness.

Conclusion on remediations
Re-circuiting and reversing coil 3 can be very beneficial assuming that a more careful calculation of coil inductances and couplings does not negate the result. Similarly, removing the shorted pancakes by un-splicing leads has the more satisfying result of complete short removal. Again analysis of the resulting forces must be performed to verify that this is really acceptable. Finally it may be possible to repeat with some effort the fix used at SLAC. This seems to have been successful as coil 4 has survived 2 long relocation moves without re-shorting. Finally the lowering of peak operating voltage though a non trivial task is also possible given the nature of the safety concerns and could in conjunction with re-circuiting lead to a safe solenoid. Solenoid long term stability is a significant question especially since another long move is ahead and an installation both of which pose some risk for causing new shorts.
My suggestion

I recommend that the short in coil 3 be repaired by a similar procedure to that used successfully at SLAC on coil 4. This coil has had no work so far and is in the workshop at IUCF and ready. I further recommend that all four coils be shipped to JLAB and the tests repeated to see if new shorts appear or if the short in coil 1 gets worse. If no new shorts appear and if coil 1 does not get significantly worse I recommend that nothing further be done except floating the power supply. A last minute repair can always be made if something new and unacceptable appears during installation in Hall D.

ROM impact of repairing the short in coil 3

A careful procedure, schedule and cost is required to fully evaluate the impact of a full repair of coil 3 compared to other possible options. One can already estimate the scale of the various solutions.
Two power supply option          $125,000   (second power supply ~ same as the existing)

Repair the short in Coil 3           Estimate 6 months new effort at IUCF, $120 K$

Install coil 3 reversed                 Re-work yoke, coils and cryo-connector to permit reverse 
                                                   installation of coil 3. Cost will be comparable to above.

Eliminate fast dump                   Test coil 1 and 3 shorts at max. credible short current.

                                                    No Burnout VCL                                          $30,000

                                                    Triple redundant LHE measurement             $ 6,000

                                                    System isolation for cryo upsets (7 valves)  $30,000

                                                    Safety guards for all passive relief valves     $ 6,000

                                                    Power supply rework (failsafe 10V dump)   $10,000

                                                    Power supply eliminate fast dump                 $ 2,000

                                                    Magnetic safety- PSS system                     ~ $20,000

                                                    Engineering, calculations, safety reviews   Priceless!
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