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Abstract 
FLUTE (Ferninfrarot Linac Und Test Experiment – far-

infrared linac- and test-experiment), a short-pulse linac and 
short-bunch THz test facility at the Institute for Beam 
Physics and Technology (IBPT) at the Karlsruhe Institute 
of Technology (KIT), serves as an accelerator test setup for 
a variety of accelerator physics studies. In its final stage of 
expansion, it is foreseen to provide coherent radiation in 
ultra-short, very intense light pulses in the terahertz and 
far-infrared spectral range. A superconducting undulator 
(SCU) at the end of the accelerator structure offers the pos-
sibility to generate photon radiation between 4 THz and 
12 THz (energies between 16.5 meV and 50 meV) with a 
high pulse energy. This energy range, for instance, is of in-
terest for studies of water-soluble interactions. The final 
undulator design was carried out by Bilfinger Nuclear & 
Energy Transition GmbH (BNET) in close collaboration 
with the IBPT. 

Before assembling the final undulator device, the super-
conducting coils were trained and magnetically character-
ized in CASPER II, a magnetic measurement setup which 
is part of the Magnet and Cryogenics Facilities (MCF) at 
the IBPT. In this contribution we describe the general SCU 
layout, present the results of the coil training, the local 
magnetic field characterization and field integral minimi-
zation of the THz-undulator coils. 

INTRODUCTION 
Solid state physics and biological applications demand 

an analysis within a wide spectral range from terahertz 
(THz) to infra-red (IR) whereas the THz frequency range, 
for instance, is of high interest for interaction and reaction 
studies of liquids, especially in water, and thus for biolog-
ical and medical research. To satisfy the increasing interest 
to use THz radiation, from an accelerator physics point of 
view, it is necessary to study bunch compression effects, 
coherent synchrotron radiation, as well as generation 
mechanisms in theory and experiment. Therefore, during 
the last years the FLUTE accelerator R&D facility was 
built at the Institute of Beam Physics and Technology 
(IBPT) at KIT [1]. In the final state the FLUTE linear ac-
celerator is supposed to serve as an injector for the Com-
pact STorage Ring for Accelerator Research and Technol-
ogy (cSTART) [2]. 

 

In addition to the production of coherent photons in the 
THz regime at the end of the bunch compressor, an inser-
tion device is foreseen to be installed in an accelerator 
straight section. 

Based on our extensive know-how in magnetic design, 
magnetic characterization, cryogenics, and to build, in col-
laboration with our industrial partner BNET, reliable LTS 
SCUs, we decided to design and built a compact and su-
perconducting THz undulator. 

FLUTE ACCELERATOR 
The electrons are produced in a photo-injector system, 

driven by a Ti:Sa laser with 1 kHz repetition rate. The laser 
pulses are converted at a reduced repetition rate of 10 Hz 
to 266 nm, to be able to generate electrons from the copper 
cathode. The 5 MeV electron bunch is focused by a sole-
noid at the gun exit and subsequently accelerated to 
41 MeV by the following linac structure of about 5.2 m 
length. After additional focussing by quadrupoles, the elec-
trons enter the bunch compressing section, where the 
chirped pulses are compressed to the bunch length of fs. 
The accelerated and compressed bunches enter then the in-
sertion device to produce photons between 4 THz and 
12 THz, which can be characterized after the device. The 
FLUTE layout including diagnostics and the insertion de-
vice is shown and described in detail in [3] and the main 
beam parameters of the FLUTE accelerator are given in 
Table 1. 

Table 1: Flute Electron Beam Parameters 
Quantity Value Unit 
Electron energy (Ee) ~41 MeV 
Average beam current (IAVG) 10-6 mA 
Electron bunch length (σZ) 1 – 300 fs 
 0.3 – 90 µm 
Horizontal emittance (εx) 1 mm mrad 
Vertical emittance (εy) 1 mm mrad 
Horizontal beta function (βx) 1.1 m 
Vertical beta function (βy) 1.1 m 
Pulse repetition rate 50 Hz 

THz-UNDULATOR PARAMETERS 
The general goal of the undulator for FLUTE is to pro-

duce photons in the low THz regime, i.e. in the range from 
4 THz to 12 THz corresponding to photon energies from 
16 meV to 50 meV or wave lengths from 75 µm to 2 µm, 
respectively. The on-axis photon radiation wavelength λR 
emitted by an insertion device such as an undulator 
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depends on the magnetic field B of the device, and is given 
for the nth odd harmonic by the following equation [4] 
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where λU is the period length of the undulator, γ = Ekin/E0, 
the Lorentz factor resulting from the kinetic energy of the 
electrons accelerated by the machine, m0e and e the electron 
mass and charge, and c the speed of light. Solving the equa-
tion for the FLUTE Lorentz factor γ = Ekin/m0e c2 = 80 and 
λU = 65 mm, and with 

𝑓𝑓𝑅𝑅 =  
𝑐𝑐
𝜆𝜆𝑅𝑅

 

it is found that the photon frequencies aimed for can be 
reached with a reasonable field as shown in Fig. 1. 

 
Figure 1: SPECTRA [5] calculation of the total photon flux 
to illustrate the photon emission line just below 4 THz with 
stated machine and insertion device parameters. 

The comparatively small energy of the electron beam 
yields to a large spatial distribution of the emitted photons. 
Therefore, the vacuum gap was set to 38 mm and the mag-
netic gap to 40 mm. Due to the maximum available space 
of 1.8 m for the final device, the number of full periods was 
chosen to 14.5 plus 1.5 end field periods with 7/8, 1/2 and 
1/8 full windings leading to a magnet length of 1040 mm 
plus end plates.  After setting further basic parameters and 
clarifying if the resulting current needed for 0.88 T is suit-
able, the coils were manufactured and wound by our col-
laborating company BNET. 

CASPER II MEASUREMENT SETUP 
After manufacturing the coils and before installation in 

the final cryostat they had to be trained and magnetically 
characterized. This was done in the magnetic measurement 
setup CASPER II as part of the MCF facilities at the IBPT 
(see Fig. 2). 

In CASPER II coils are tested in a conduction cooled en-
vironment such as in the final device. Coil training can be 
performed as well as local magnetic field measurements 
and field integral evaluation, including field integral mini-
mization within the same cooldown [6]. 

 
Figure 2: SCUF coils assembled in CASPER II, ready for 
magnetic training and characterization. 

TRAINING OF THE COILS 
Following up the design of the magnetic structure of the 

SCUF with a period length of 65 mm and 40 mm magnetic 
gap the operating current to reach 0.88 T should be 358 A. 
The first step was to train the coils to at least this current 
and the trend is shown in Fig. 3. Afterwards it was success-
fully tested to power the coils stable at 360 A for 65 hours. 

 
Figure 3: Results of the training of the SCUF coils up to 
360 A (corresponding to 0.88 T). 

Each SCUF magnet half (top and bottom magnet) is 
electrically divided in 4 sections, and a quench is detected 
if the difference between the voltage drop along the upper 
and lower coil exceeds 100 mV for 10 ms. Figure 3 shows 
the training behaviour for the SCUF coils, and 22 quenches 
were needed to reach the   nominal operating current of 
358 A. To ensure a stable operation at 360 A, this current 
was exceeded to 400 A without any further quenching. A 
stability test for 65 h was performed at 360 A. 

Figure 4 shows the temperatures of each coil after se-
lected quenches. The maximum coil temperature reached 
24 K and it took ~5 h before the next ramp which was 
started as the temperature reached less than 5 K. This time 
span is expected to be shorter once the coils are in the final 
cryostat because of the more sophisticated cooling design. 
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Figure 4: Temperature evolution of top and bottom coil 
during selected quenches. 

FIELD INTEGRAL MEASUREMENTS 
The field integrals of insertion devices can potentially 

have a strong impact on the electron on its path through the 
accelerator. Vertical field integrals lead to a distortion in 
the horizontal plane and horizontal field integrals in the 
vertical plane, respectively. Field integrals can be meas-
ured by means of the moving stretched wire method where 
in this case a tensioned CuBe wire with 125 µm diameter 
is moved for 1 mm horizontally or vertically in the gap to 
measure the vertical and horizontal field integral, respec-
tively.  

 
Figure 5: Minimized first and second vertical field integral 
for selected field values. 

By applying field in the correction coils upstream and/or 
downstream (Helmholtz arrangement), which are manu-
factured out of superconducting wire, these field integrals 
are minimized at the moving wire position X = 0 mm and 
Y = 0 mm (beam path), and the results are shown in Fig. 5 
for selected current steps. The currents to be applied to stay 
within the limits, range up to 0.6 A for the Helmholtz coil 
upstream and 0.7 A for the Helmholtz coil downstream. 

To correct for the horizontal field integrals there are no 
correctors installed at the final device but the values to be 

corrected for can be easily corrected by normal steerer coils 
which will be mounted before and after the insertion de-
vice. 

LOCAL FIELD MEASUREMENTS 
Following up the field integral minimization, local field 

measurements with Hall samples were performed at 5 dif-
ferent field values and the roll-off was evaluated. The roll-
off is defined as the peak field value difference between the 
Hall sample measurements in middle position and the 
value at ± 10 mm left/right of the middle in percent. 

 
Figure 6: Evaluated roll-off as a function of the magnetic 
field for selected field values. 

Figure 6 shows the progression of the roll-off as the field 
increases. The roll-off for the left side is slightly larger than 
for the right side and, as the field rises above 0.77 T 
(300 A) it exceeds 0.5 % but stays still below 1 % which is 
satisfactory for an insertion device with 40 mm magnetic 
gap. 

CONCLUSION 
In this contribution the results of the training, field inte-

gral minimization and local field measurements of ~1.1 m 
long superconducting undulator coils with 65 mm period 
length, 40 mm magnetic gap and a maximum operating 
field of 0.88 T are presented. The device is to be installed 
in the linear accelerator FLUTE to produce photons in the 
energy region between 4 THz and 12 THz and enables ac-
celerator physics studies, investigations on coherent syn-
chrotron radiation and the comparison of different radia-
tion sources. The coils were characterized in CASPER II, 
a measurement setup as a part of the magnet and cryogen-
ics facilities at IBPT, fulfil the given limits, and the final 
superconducting THz-undulator is ready to be installed in 
the accelerator. 

REFERENCES 
[1] M. J. Nasse et al., “FLUTE: A versatile linac-based THz 

source”, Rev. Sci. Instrum., vol. 84, p. 022705, Feb. 2013. 
doi:10.1063/1.4790431 

Prep
rin

t

https://doi.org/10.1063/1.4790431


[2] A. Papash et al., “An Optimized Lattice for a Very Large Ac-
ceptance Compact Storage Ring”, in Proc. 8th Int. Particle 
Accelerator Conf. (IPAC’17), Copenhagen, Denmark, May 
2017, pp. 1402-1405.  
doi:10.18429/JACoW-IPAC2017-TUPAB037 

[3] M. Nasse et al., “First Electron Beam at the Linear Accelera-
tor FLUTE at KIT”, in Proc. 10th Int. Particle Accelerator 
Conf. (IPAC’19), Melbourne, Australia, June 2019, paper 
MOPTS018, 
doi:10.18429/JACoW-IPAC2019-MOPTS018 

[4] J. Chavanne and P. Elleaume, “Technology of Insertion De-
vices”, Undulators, wigglers and their applications, Eds, 
H. Onuki and P. Elleaume. Taylor & Francis, 2002, pp. 148-
213. doi:10.4324/9780203218235  

[5] T. Tanaka et al., “SPECTRA: a synchrotron radiation calcu-
lation code”, J. Synch. Rad., vol. 8, no. 6, pp. 1221-1228, 
Nov. 2001. doi:10.1107/S090904950101425X 

[6] A. Grau et al., “Cryogen-Free Setup for Local and Integral 
Magnetic Field Measurements of Superconducting Undulator 
Coils”, IEEE Trans. Appl. Supercond., 22-3, 9001504, 2012. 
doi:10.1109/TASC.2011.2179699 

Prep
rin

t

https://doi.org/10.18429/JACoW-IPAC2017-TUPAB037
https://doi.org/10.18429/JACoW-IPAC2019-MOPTS018
https://doi.org/10.4324/9780203218235
https://doi.org/10.1107/S090904950101425X
https://doi.org/10.1109/TASC.2011.2179699

	INtroduction
	FLUTE AcCelerator
	THz-Undulator Parameters
	CASPER II Measurement Setup
	Training of the coils
	Field INtegral Measurements
	Local Field MEasurements
	CONCLUSION
	REFERENCES


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /All

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType true

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo false

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 1.30

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 1.30

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects true

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /ENG ()

    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToRGB

      /DestinationProfileName (sRGB IEC61966-2.1)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PreserveEditing false

      /UntaggedCMYKHandling /UseDocumentProfile

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.000 792.000]

>> setpagedevice



