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HISTORICAL REVIEW OF THE DISCOVERY OF DYNAMIC EFFECTS IN TEVATRON MAGNETS

P. Bauer

Fermilab, Technical Division

In the context of the runII activities renewed interest has arisen in the dynamic properties of the Tevatron main magnets. Given this recent wave of interest in the dynamic behavior of Tevatron main magnets, it was deemed necessary to review the published data on Tevatron magnet issues published in former measurement campaigns. Dynamic effects have originally been discovered in the Tevatron and Fermilab scientists have since made important contributions to the understanding of the related phenomena. This note tries to give an exhaustive summary of the main results gathered in magnet measurements at Fermilab up to this date.
1) Brief Summary of Tevatron Operations History

Table 1: Summary of Tevatron collider operations history.

	Period
	Run
	comment

	85-87
	-I
	first collider mode operations

	88-89
	 0
	engineering run in collider mode

	92-96
	 I
	Run I for collider

	02-
	 II
	Run II for collider


2) Chronological Discussion of Major Publications

D. Finley, D.A. Edwards, R.W. Hanft, R. Johnson, A.D. McInturff, J. Strait,

“Time Dependent Chromaticity Changes in the Tevatron”,

PAC 12 March 1987, Washington;

During the initial operation of the Tevatron in the collider mode, unexpected chromaticity variations of up to 70 units were observed during the dwell at injection (This phenomenon had not appeared previously when the Tevatron was used as a fixed target machines because of the very short waiting times at injection of ~ 1min)! The variations of the tunes and chromaticities appeared to depend on the operational history. It was quickly found that the cause was lying within the magnets. Figure 1 shows the behavior of the average Tevatron magnet sextupole as derived from beam chromaticity measurements. The chromaticity measurements were made by adjusting the correction sextupole circuits to obtain zero chromaticity and by assuming that the chromaticity supplied by the correctors minus the natural chromaticity was the chromaticity generated within the magnets. In all of the data, the horizontal and vertical chromaticities were observed to change in equal and opposite directions. This behavior is believed to be consistent with a time varying sextupole moment of the machine, such as given in terms of the <b2>, the average sextupole of all magnets in the ring. Chromaticity correction was still done by hand at that time (only the drift part was corrected and the b2 was held constant from the time of the ramp start to the time at which the hysteretic b2 caught up with this particular value). First magnetic measurements on a collared dipole coil (AA1001) showing b2 drift during the 660 A dwell were obtained (Figure 2). Following this work, automatic b2 drift compensation was implemented in the Tevatron (still, at the end of the drift the b2 was believed to stay constant until the loop b2 would catch up). Also at that time it was decided to run 6-pre-cycles to flat-top before beam injection in order to prevent variations of the b2-drift due to “history effects”.
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Figure 1: Variation of Tevatron sextupole derived from beam studies. The measurements were made by adjusting the correction sextupoles to obtain zero chromaticity. Six pre-cycles to 900 GeV were performed before ramp stop at the 150 GeV injection porch. The results shown were obtained during many separate runs. Note that the ordinate direction is opposite to “usual”.
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Figure 2: Magnet test facility data showing b2 vs. time for a test coil (AA1001) similar to the coils of the Tevatron magnets.

R.W. Hanft, B.C. Brown, D. A. Herrup, M. J. Lamm, A.D. McInturff, M.J. Syphers, “Studies of Time Dependence of Fields in Tevatron Superconducting Dipole Magnets”,

Proceedings of the 1988 Applied Superconductivity Conference, San Francisco, Aug. 1988, IEEE Trans. Magn. Vol. 25, No. 2, p. 1647-1651, March 1989 

and Fermilab-TM-1542;

Following the initial work of discovery of dynamic effects in the Tevatron, conducted in 1987, first systematic surveys of operation cycle effects on b2 decay, measured on magnets, were published a year later. The measurement program was conducted on short coils in the vertical R&D facility (“Lab 2”) as well as on full length magnets, using rotating coil probes in both cases (HAL-type for the Lab 2 measurements on short coils in the vertical dewar). Different ramp cycles, e.g. different numbers of fast up -down ramps to a 4 kA flattop as well standard Tevatron waveforms (6 pre-cycles,..) were tested.

A ~ 1 m short coil (RL1001) was tested in the vertical R&D facility with a 0.47 m, 6 Hz Morgan (HALL) coil (3 Hz data acquisition) probe. The Morgan coil (with its dedicated sextupole and decapole coils does not permit accurate measurement of the 16-pole. Therefore no de-centering correction on the basis of feed-down from the 18-pole could be performed. The measurements were performed, for the first time at Fermilab, on the fly. The coil temperature was kept to ~4.2 K. The reported current stability was 0.1 A (overshoots were less than 0.2 A). Different ramp-cycles were performed to estimate “history” effects. Following a cleansing quench, fast (100 A/s) ramps up to 4 kA and back down to 400 A were performed as well as “direct” ramps to 400 A (without previous flat-top). Similar measurements were performed for a 800 A injection plateau, varying the ramp-rates between 25-200 A/s. At ~800 A the field in the short collared coil is similar to the field in the real coil, which includes the iron yoke, contributing ~15% to the field.  Also experiments with the standard Tevatron waveform (6 pre-cycles with 30 s flattop at 4878 A and 2 s dwell at 490 A, 812 A injection porch) were conducted. Figure 3 shows the measured drifts in the sextupole and decapole following a Tevatron standard waveform (including 6 pre-cycles to flat-top).
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Figure 3: Time evolution of b2 and b4 in short model RL1001 on injection porch (812 A) following 6 pre-cycles between 490A and 4878 A.
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Figure 4: First evidence of snapback on short model RL1001.

First experimental evidence of snapback was gathered during that series of experiments. observation of snapback. Figure 4 shows a sextupole drift and snapback in RL1001. Different experiments with different ramps at the start suggested a dependence of the snapback time on absolute current rather than ramp-rate dI/dt. This important finding has since been confirmed numerous times. The discovery of the snap-back, however, came too late to be implemented in b2 correction during the Tevatron “engineering” run . The implementation of the snapback correction in the Tevatron therefore had to wait until run I (start: 1992). 

Full length magnets were tested only for remnant fields because of a lack of long-term stability of the power supply. Some of the results of the remnant field measurements have been presented again recently by  A. Tollestrup during the Fermilab decay&snapback workshop (http://tdserver1.fnal.gov/presentations/Magnets/Tevatron/DecayandSBWS02/). The magnetic measurements were performed with the 2.39 m long probes (used for the magnetic measurements in the coils during production) placed in the center of the coil. A centering correction was performed using the technique of minimizing the 16-pole (a standard procedure in Tevatron dipoles, which are characterized by a large 18-pole). Seven dipoles (TB0447, TB0223, TB0271, TC1194, TB0338, TC0537, TC1200) were tested in total (among them TB0223 because of 100% ebanol coating), dipole TB0447 was measured in detail. The measurement procedure consisted in quenching, followed by a ramp cycle, returning to zero current and measurement. The data analysis further foresaw subtraction of remnant yoke effects (e.g. ~7 Gauss of dipole, ~0.2 Gauss of sextupole, which were measured in separate runs without any current cycle). The probe rotational speed was low (10 sec per rotation). The data acquisition required a 1 min pause between each measurement point. The coil temperature was held at 4.6 K. The first series of measurements shown in Figure 5 gives the remnant sextupoles after a single, fast ramp to flattop and back (110 A/s, 4 kA, 1s). The remnant sextupole after subtraction of the remnant sextupole given by the iron (as measured after a quench) is of the order of 6-8 Gauss, decaying by ~1Gauss over several hours. The apparent remnant skew quadrupole shown is Figure 5b. Most magnets show no significant skew quad signal, except the ebanol magnets TB0223 and TB0447. Since these magnets do not show any 
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Figure 5: Remnant multipoles after one pre-cycle with 110 A/s to a 4 kA flattop (1 s) – a) sextupole, b) skew quadrupole. 

normal quad and a specific “two-time-constant” structure in the skew quads it is believed that the measured behavior is a result of different superconductor in the top and bottom of the coils. Measurements after varying numbers of pre-ramps, flat-top durations and ramp-rates were also reported. For example, the measurements on TC1194 show that the remnant sextupole decreases with the number of pre-cycles (also the decay rate increases). The longer the time at flat-top the smaller the remnant sextupole (and the faster the decay). On the other hand the remnant sextupole was larger the smaller the ramp-rate in the 4 kA pre-cycle (as well as the decay rate). 

D.A. Herrup, M.J. Syphers, D.E. Johnson, R.P. Johnson, A.V. Tollestrup, R.W. Hanft, B.C. Brown, M.J. Lamm, M. Kuchnir, A.D. McInturff,

“Time Variations of Field in Superconducting Magnets and their Effects on Accelerators”

Proceedings of the 1988 Applied Superconductivity Conference, San Francisco, Aug. 1988, IEEE Trans. Magn., Vol. 25, No. 2, 1643-1646, March 1989 

and Fermilab-TM-1543;

Published at the same time as the article discussed above, this article concentrates on possible avenues of explaining dynamic effects. Also, it looks more closely at the snapback phenomenon (which at that time was not yet corrected for the in the Tevatron). The possible avenues of explanations explored are eddy current and flux creep models. Eddy-current time constants in superconducting loops, closed by copper, can be long at cryogenic temperatures ~ 1 sec/cm (these numbers appear consistent with measurement if the loops stretch over the length of the magnet). Flux Creep rates measured on cables (see M. Kuchnir, A.V.Tollestrup, “Flux Creep in a Tevatron Cable”, IEEE Transactions on Magnetics, Vol. 25, No. 2, March 1989) are 10 times smaller than those observed in magnets and can therefore not explain the phenomenon by themselves. Snapback measurement on RL1001 for different front porch times are shown in Figure 6. The article also presents degaussing, as possible solution to the problem. Studies using a square wave modulation near the injection plateau have been performed.
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Figure 6: Snapback measurement on RL1001 for different front porch times.

D.E. Johnson, D. A. Herrup,

“Compensation of Time Varying Fields in the Tevatron Superconducting Magnets” Proceedings of the 1989 PAC, Vol. 1, p. 521-523, Chicago 

and Fermilab FN-602

This article presents the first results of the chromaticity correction algorithm, which, inspired by beam-based measurements has taken on the form: b2(t)=A+Bln(t). 1987/88 beam data indicated the following quantities for the constant in the algorithm: A=-2.3646 and B=0.263. Measurements of the chromaticity during an injection porch (after 6 pre-cycles) show that the chromaticity is successfully controlled to within 4 units. 1989 beam data, however, seem to fall onto a different curve (A=-2.5626, B=0.205). This could explain why the chromaticity is not controlled to the level of zero. The article explains the difference (Figure 7) in the decay characteristics between 87/88 and 89 Tevatron beam data by unspecified history effects (change of ramp?).
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Figure 7: Magnet sextupole drift during injection porch derived from chromaticity measurements (during regular shot setup).

D.A. Herrup, M.J. Syphers, D.E. Johnson, R.P. Johnson, A.V. Tollestrup, R.W. Hanft, B.C. Brown, M.J. Lamm, M. Kuchnir, A.D. McInturff

“Time Varying Sextupole Corrections During the Tevatron ramp” 

Proceedings of the 1989 PAC, Chicago

Tevatron operations reports that even after correction of the chromaticity drift during injection strong variations of the tunes were observed (together with emittance growth) during the start of the ramp. As a result of these operations a series of laboratory measurements on a single, short Tevatron-style coil (0.81 m long collared coil RL1001, which was also measured in the context of the article presented at the ASC in 1988) was performed. The measurements used a 0.47 m long Morgan coil (HAL2) rotating at 6 Hz. Figure 8 shows a complete hysteresis loop including a 900 sec injection porch. As shown before, the results of these experiments confirm that the Tevatron dipoles experience a rapid change in b2 (~1 units of b2) during the onset of the ramp. Figure 9 shows different snapbacks for various injection porch durations. As a result of this work the snapback correction was also included in the sextupole corrector protocol. Measurements of the chromaticity (varying the RF frequency and measuring tunes for different ramps) in the Tevatron during the start of the ramp (Figure 10) indicate that the chromaticity could therefore be stabilized during the start of the ramp. Following this improvement of the Tevatron control system the transmission efficiency from 150 GeV to 900 GeV improved to 96%! The article does not discuss in detail what snapback correction algorithm was used.
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Figure 8: Hysteresis curve measured on RL1001 including a 900 s injection porch.
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Figure 9: Snapback in RL1001 for different injection porch durations.
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Figure 10: Measured chromaticities of the Tevatron at the start of the ramp (after snapback correction.

D.A. Herrup,

“Compensation of Time-Dependent Persistent Current Effects in the Tevatron”

Fermilab-FN-602, April 1993

As a result of considerable progress in magnet science during the building of HERA and the R&D for the SSC machine as well as with several more years of experience in the Tevatron a new magnetic measurement program was launched in order to improve the understanding of dynamic effects in Tevatron magnets. This program also took advantage of advances in the magnetic measurement technology to obtain more accurate measurements of the field characteristics in magnets.

This article reviews the history of the discovery of dynamic effects in the Tevatron up to this point. The discovery of dynamic effects in the Tevatron by Finley et al is discussed as well as the initial finding of a difference between cases in which the previous store had been terminated by quenching or regular ramp-down – (which lead to the 6 pre-cycle protocol). The article also discusses the “state of the art” in modeling of the effects (also mentioning Stiening’s eddy current model developed for SSC magnets). 

He further mentions that the drift correction based on the 87 data was b2(t)=-2.3643+0.263*ln(t), which appeared to be imprecise during the 88/89 run! During the 88/89 run also a snapback correction was defined on the basis of measurements on RL1001. During the 89-92 shut-down separators were installed, also the Tev waveform changed, but the old correction algorithm seemed to fit well in the new conditions! There was, however a 10% beam loss seen during the start of the ramp. This lead to the 93 measurements (which were done using 6 Hz tangential probes from the SSC) presented in this article, performed on a non-specified magnet. The magnet was prepared with 6 pre-cycles (after a quench or 1 hour at flat-top) and the drift measured during a 30-360 min front porch. Also the temperature was varied (4.6 K to 3.6 K). The results are not discussed in detail. A snapback plot is shown in Figure 11. A fit of the snapback was derived and applied to the Tevatron, dramatically reducing the beam loss in the Tevatron during the ramp. The exact form of the correction algorithm is not mentioned. The article only mentions that the starting value is given as the drift amplitude and that the hysteretic
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Figure 11: First experimental evidence of snapback in Tevatron dipole magnet (?).

b2 is kept constant during the first 5.5 s on the ramp. The applied drift correction (see above) would not have successfully compensated the b2 of the particular magnet measured here, a hint that there is strong variation in the dynamic behavior between different magnets.

D. Herrup, W. Kinney, M.J. Lamm, A. Mokhtarani

“Compensation of Time Dependent Persistent Current Effects in Superconducting Synchrotrons”

Fermilab-Pub-94/003 January 1994

submitted to Physical Review B

This article reviews the initial discovery of dynamic effects and the first magnetic measurements (reported above). It also features a discussion of models to explain the phenomenon, which has a nearly logarithmic time dependence in decay (~0.35-0.4 u / decade). It is however not entirely consistent with the flux creep model, because measurements on cable short samples show 10 times smaller decay rates. SSC related measurements indicate temperature effects which are opposite to what is expected in the case of flux creep (slow down at lower temp) and also a “history-dependence”, which is also inconsistent with the flux creep model. 

A then recent change in ramp (one RF unit failing) resulted in 10-60% beam loss at start of ramp due to imperfect snapback compensation. A new compensation fit was proposed on the basis of magnetic measurements (see below). In this context a reference magnet system is briefly discussed (noting that the magnet-to-magnet variation of the behavior observed is making a reference magnet system problematic).

The magnetic measurements were performed on 5 magnets at MTF (4.6 K) with 6 Hz rotating coil (tangential) systems inserted 4 feet from magnet end. 10 sec bursts of data are followed by several sec pause for data analysis (entire loops were taken). Tevatron – run I profile (80 sec to flat-top), 900 GeV FT (4 T, 4000 A) quench and 6 pre-cycles as standard preparation (also tested was a 1 hour FT at 4 kA instead of quench as a different initial condition). Magnet TB353 was measured in greater detail: 4.6 K vs 3.6 K, 30 min to 6 hrs on injection porch, diff histories (quench, no quench before pre-cycling). It has roughly 14 units of geometric b2. The snapback plots in Figure 13 for different IP times 
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Figure 12: Hysteretic loop (using the Tevatron 1994 ramp-cycle) of TB1207 including a 60 min injection porch.
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Figure 13: Collection of snap-backs measured on TB1207 for various injection porch durations. Also shown is the current ramp (corresponding to the 1994 Tevatron ramp protocol).

are probably those of TB353 even if the figure caption says 1207. Other magnets measured are: TB1220 – standard runs (30 min IP a,b), TB1207 – standard runs (30 min IP a,b – 360 min IP c – 120 min IP d), TB492 – standard runs (30 min IP a,b – 360 min IP c) and TB862 – standard runs (30 min IP a,b).

The conclusions from the 92 measurement run is that there is a 40% magnet-to-magnet spread in decay slopes ((20% within one magnet), that at a 30 min injection porch there is ~1.2 units of drift in TB 353 and ~2 units in TB1207, that snapbacktakes 4 sec (~15 A, 15 mT) and that older data are confirmed, that show that 6 pre-ramps are indeed effective in eliminating history dependence (therefore also no effect of quench vs store as history before pre-cycles).

J. Annala

“Tevatron Dipole Measurements at MTF”

http://www-bdnew.fnal.gov/tevatron/adcon/magnets.html

On the basis of measurements on two Tevatron dipole magnets (TC1052 and TC0504) a new b2 correction algorithm (for drift and snapback) was defined to account for the following changes in Tevatron operation: -1- the average temperature in the Tevatron was lowered to ~4 K (from ~4.5 K) in order to raise –2- the flat-top energy from 900 GeV to 980 GeV (4.33 kA) –3- a back-porch plateau was introduced to allow anti-proton extraction and –4- the number of pre-cycles was reduced to one “dry-squeeze” in standard operation (6 pre-cycles are still for machine start up after a magnet quench).

The measurements were performed using the ~0.5 m Morgan (sextupole coil) coil, rotating at 5 Hz using angular decoding at a rate of 32 points per rotation. The data for each coil (dipole, sextupole,..etc) had to be recorded in sequence. The following b2 correction algorithm was defined as a result of this work.

The sextupole decay (in units of the main dipole), which is fed to the sextupole corrector circuits, as a function of plateau time at the back porch text and flat-top time tft for a standard Tevatron powering cycle is given with (time in seconds):
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       (1)

where the initial sextupole at injection (“intercept”) before the start of the decay is given with: 
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The scaling constant m (“slope”) as a function of extraction and flat-top time is: 
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The parameters of the “intercept” and “slope” fits, (2) and (3), are listed in Table 2.

Table 2: Parameters of sextupole decay algorithm derived from measurements on TC1052 (parameters refer to equations (2) & (3)).

	Parameter
	A
	B
	C
	D
	E

	TC 1052
	0.206
	0.172
	0.0539
	0.456
	0.019


and the snapback compensation (as a function of the snapback duration tsb) is:


[image: image19.wmf](

)

(

)

ú

ú

û

ù

ê

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

+

÷

÷

ø

ö

ç

ç

è

æ

-

=

4

2

2

2

2

1

,

,

,

,

,

,

sb

sb

inj

ft

ext

sb

inj

ft

ext

snap

t

t

t

t

t

t

t

b

t

t

t

t

t

b

,

                   (4)

where b2(text,tft,tinj) is the sextupole (in units) at the end of the injection porch (at t=tinj), as calculated from the decay fit above and tsb is the duration of the snapback (4 sec for the 96 ramp, 6 sec for the current Tevatron ramp).

Note that the current settings in the Tevatron are not equal to the settings listed in Table 2 (the largest difference appears in “A”). Some beam-based fine-tuning has been performed since. Also, the back-porch data are not discussed in further detail here. A more detailed description of the b2 correction algorithm is presented in [P. Bauer et al., “Analysis of the Sextupole Correction in the Tevatron”, TD-note in preparation]. 

Figure 14 shows a compilation of snap-backs measured during the 1996 campaign (the hysteretic b2 has been entirely removed to facilitate the comparison).
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Figure 14: Comparison of snapbacks measured on TC1052 and TC0504 as well as a “computed” snapback (for a 10 min flat-top, a 1 min back-porch and after a 15 min injection porch).

3) SUMMARY

Table 3: List of Tevatron magnet dynamic effect measurements.

	year
	Magnet
	comment

	887
	AA1001 (1m)
	discovery of drift

	88/89
	RL1001 (1m)
	discovery of snapback

	88/89
	TB447, TB223, TB271, TC1194, TB338, TC537, TC1200
	remnant field in full length dipoles, drift found also in other multipoles

	92
	TB353, TB1220, TB1207, TB492, TB862
	first full length magnet measurements

	96
	TC1052, TB504
	backporch, flat-top energy

	02/03
	TC1220, TB834, TB438, TC269
	tune and coupling drift, b2 compensation


� e-mail: pbauer@fnal.gov
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