
Approved for public release; 
distribution is unlimited. 

Title: 

Auttmfs): 

Submitted to: 

mos 

THE ADVANCED HYDROTEST FACILITY (AHF) LARGE 
BORE QUADRUPOLE FOCUSING MAGNET SYSTEM 

Andrew J. Jason, LANSCE-1 
Peter L. Walstrom, LANSCE-1 
Joseph A Waynert, ESA-AET 
Joel H. Schultz, MIT R. J. Camille, Myatt Consulting Inc. 
Thomas Antaya, MIT R. L. Myatt, Myatt Consulting Inc. 
Joseph V. Minervini, MIT Alexi L. Radovinsky, MIT 
Brian A. Smith, MIT 

International Cryogenic Engineering Conference 
Grenoble, France 
July 22-26, 2002 

N A T I O N A L  L A B O R A T O R Y  
Los Alamos National Laboratory, an affirmative actionlequal opportunity employer, is operated by the University of Californiafor the U.S. 
Department of Energy under contract W-7405-ENG-36. By acceptance of this article, the publisher recognizes that the US. Government 
retains a nonexclusive, royalty-free licctnse to publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. 
Government purposes. Los Alamos National Laboratory requests that the publisher identify this article as work performed under the 
auspices of the US. Department of Energy. Los Alamos National Laboratory strongly supports academic freedom and a researcher’s right to 
publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its technical correctness. 

Form 836 (8/00) 

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact:



Library Without Walls Project

Los Alamos National Laboratory Research Library

Los Alamos, NM  87544

Phone:  (505)667-4448

E-mail:  lwwp@lanl.gov



> 4LA04< 1 

The Advanced Hydrotest Facility (AHF) Large 
uadrupole Focusing Magnet System 

L ’ i j f t  
i/ * 

+-Ipt,!$ I If‘f.$ t!i4 \ /I\! y,  f 

Joel H. Schultz, Member, IEEE i. Antaya, J.V. [Minervini, A.L. Radovinsky, B.A. Smith 

MIT Plasma Science and Fusion Center; 

R.J. Camille, R.L. Myatt, Myatt Consulting, Inc. 
A. Jason, P. Walstrom, J.A. Waynert, Los Alamos National Laboratory 

Abstract-The Advanced Hydrotest Facility (ABF)at Los Alamos 
will provide proton radiography of large-scale, dynamic events. 
The large bore (Case 11) quadrupole focusing magnets are a 
subsystem in this facility, consisting of four complete imaging 
lines with a total of eight imaging plates and 52 quadrupole 
magnets. Each large bore quadrupole has an inner winding 
diameter of 660 mni and provides a gradient of 10.4 Tlm with a 
300 mm field of view. Each magnet is ;a two-layer saddle, 
contained by B three cm steel shell. The conductor is a Rutherford 
cable, soldered into a C-shaped copper channel. The magnets are 
cooled by the forced-flow of two-phase helium through coolant 
pipes. Since the winding must absorb bursts of 0.35 Jkg 
irradiation, both WbTi and Nb3Sn designs are being considered. 

Index Terms-- superconducting, magnets, quadrupoles, 
magneto-optics 

I. INTROD~JCTION 

HE Advanced Hydrotest Facility (ME?) at Los Alamos is rr an advanced proton radiography system that is needed to 
assess the primary performance and safety of a broad range of 
nuclear materials through dynamic testing. It is distinguished 
by a very large field of view and high spatial-and-time 
resolution of multiframe images along several axes [ 11. 

Multiframe radiography is achieved using eight imaging 
lines with smaller magnetic lenses (Case I) and four lines with 
larger lenses (Case 11). The Case I lines have a Field of View 
(FOV) radius of 60 mm, while the Case IT lines have a FOV 
radius of 150 mm. Each bedm line has an illuminator and 
monitor lens upstream of the Sample Under Test (SUT) and 
two sets of (Identity) Imaging Lenses downstream of the SUT. 
The three smaller coils in the illuminator are normal copper. 
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The illuminator’s pattern is the same on either side of the 
Monitor Lens, which allows confirmation of the beam pattern 
that will be illuminating the SUT. After each of the imaging 
lenses, there is an imaging “plate”, allowing two “snapshots” 
of the sample per imaging line. Snapshots can be repeated at 
very high-frequency of up to 20 bunches with 200 ns spacing. 
The use of multiple focusing lines allows viewing of the events 
from several different angles and even of tomographic 
imaging. The magnetic optical system is described in Table I. 

TABLE I 

11. CASE I1 QUADRUPOLES AND CRYOSTAT 

A. Quadrupole Doublet and Cryostat 
Each Case I1 quadrupole consists of four two-layer saddle 

coils, using NbTi Rutherford cable-in-channel conductor [ 2 ] .  
Two quadrupoles are assembled as a “doublet” in a single 
cryostat in a focus-defocus orientation. The two quadrupoles 
are seriesed through joints in the space between them and a 
single pair of leads exits through the service stack. The service 
stack also provides feedthroughs for the helium coolant and 
instrumentation lead pairs. The coils are inside a liquid helium 
can. Two cooling options are being considered, where the 
baseline is a dry, indirectly-cooled winding with coolant pipes 
tracing the inner surface of the can and the alternative is a 
flooded, liquid helium cooled magnet. 

The Case I1 magnet and cryostat overall dimensions are 
shown in Fig. 1 and the concept is illustrated in Fig. 2. The 
major dimensions of the Case I1 and Case I quadrupoles are 
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listed in Table 11 for purposes of comparison. 
TABLE I1 

I Parameter 

AHF CASE I and I1 QUADRUPOLE DIMENSIONS 
I Case 11 I 

FOV radius 
Rinner, beam ripe 

Rinner, windin 

Hard-edge equivalent 
uadrupole gradient 

Winding average 
uadrupole gradient* E Total lens len th (m) I 25.4 I 33.8 1 

Intermediate temperature thermal shields are used around all 
cold surfaces. The intermediate shields are thin, steel 
cylinders and sheets, covered with multilayer superinsulation 
and cooled by forced-flow helium gas with an inlet 
temperature of 80 K, avoiding any asphyxiation hazard in the 
subterranean test cell from the use of nitrogen. The outer 
vacuum can consists of inner and outer steel cylinders, joined 
by end flanges with a central hole for the beam line. 

The quadrupoles are assembled with a warm iron yoke that 
is narrow at the waist, allowing the closest approach of the 
quadrupoles to the SUT, and thus the largest possible FOV. 
The four poles are oriented with axes at NE/SE/SW/NW, in 
order to maximize the fjeld decoupling between the Case I and 
Case I1 quadrupoles, despite the small iron thickness at the 
equator. Warm iron was selected over a cold iron yoke in 
order to siniplify the cryostat and machine assembly. The 
space for both machine and utilities is restricted, being in a 
chamber carved out of the Los Alamos mesa. 

SECTION C-C 

55 

Fig. 1. Elevation, plan, and cross-section views of the Case 11 coil, 
cryostat, structure, and iron yoke 

Quad Coil Windings & 
Winding Support Striic 

Axial (2) &Radial (9) Coil Supports 

Fig. 2 Isometric cutaway of the Case I1 quadrupole coil, 
cryostat, supports, and iron yoke 

As shown in Fig. 3, the windings are not “cos 20”, but 
simply select the angles of the inner and outer layers of the 
winding in order to eliminate the 6” and 10* harmonics in the 
straight section [2]. The end turns are designed to minimize 
the positive and negative peaks of those harmonics, while 
canceling their axial integral. The spacer consists of dummy 
turns that are added to the outer layer to create a single 
structural winding arch with uniform modulus and thermal 
contraction. Circumferential compression in the coil pack is 
obtained by winding the turns on a solid core, and applying a 
radial precompression before welding an outer 3 cm thick 
stainless steel shell. The solid winding core is made of 
titanium, since a finite element trade study showed that a 
considerably lower prestress was required than with a stainless 
steel core [2]. There is no radial winding bobbin in the 
completed coil, in order to avoid dewedging forces in the 
winding pack radial bonding planes. 

\\ Note: Angular Dimensions to I Face of Insulated Conductor 

I Ground Wrap Insulation = 0.5mm 
Interlayer Insulation = 0.25mm 
Tunls-hmer = 68 i Tuns-Outer = 37 

‘\‘ 326.3 
N2’\\, i SLraight Length= 44001~11 

‘, 
\)” 

Fig. 3. Elevation, cross-section view of two layer winding and pole piece 

The dimensions of the winding are listed in Table 111. 



TABLE III: CASE ll QUADRUPOLE WINDlNG DIMENSIONS 

I Lmagnetic (m) I 4.25 I 
The conduzr  is a Rutherford !able in a copper C-channel, 

as illustrated in Fig. 4. The dimensions of the cable-in-channel 
are listed in Table IV. The design is based on SSC Inner 
Layer cable, although the design itself does not depend upon 
the availability of SSC Cable. The Nb$n option uses the 
same concept of combining external copper with composite 
strands, but must avoid the use of solder, which would not 
survive the Nb3Sn heat treatment. Copper core Rutherford 
cable, cable-in-welded-box, and cable brazed to tophottom 
plates are being considered [3]. The Nb3Sn strand would be 
selected from the highly advanced candidate strands being 
developed for the Very Large Hadron Collider [4]. 

TABLE IV: CABLE-IN-CHANNEL CONDUCTOR DIMENSIONS 
L I Parameter I 

- SC Rutherford Cable 

4 b- 1.62 

Fig. 4. Cross-section of cable-in-channel superconductor 

Fig. 5 shows the cold-warm gravity support concept for the 
cold mass. Thermal isolation is achieved by selecting the 
optimum length/area for the stainless steel coil support rod 
assembly. Relative contraction of the assembly and the cold 
mass during a cooldown is taken up in the bellows, which also 
provides a vacuum seal between the cryostat and adjusting nut 
volumes. The adjusting nuts are used for magnetic centering 
of the cold mass in the cryostat. The intermediate temperature 
shield to reduce radiation losses in the gravity supports is an 
extension of the helium cooled intermediate temperature shield 
of the cryostat. The attachment “ring” in the picture is actually 
a flexible braid, allowing relative motion between the shield 
and the support rod assembly. Each rod terminates in a ball 
and pin that are rigidly attached to each other, and that can 
slide along and rotate about the axis of the pin through the 
adapter bearing. All unbalanced magnetic forces, as well as 
the gravitational loads, are taken in tension or compression 
through the seats of the clevis pin-bearing assemblies. The top 
of the supported rod is seated through the nut and top washer 
assembly. The bottom is supported by the coil-liquid helium 
can adapter ring and the liquid helium can-support rod adapter 
ring, which is fit around the perimeter of the coil and is one of 
the rings constricting radial motion of the coil. It has 
penetrations that allow axial helium flow. 

Fig. 5 Cold-warm gravity support rod assembly 

111. DESIGN ANALYSIS 
The quadrupoles provide a field gradient of 10.4 T/m, an 

integrated gradient-magnetic length of 44.2 T, and a Field of 
View of 300 mm. This leads to a peak field at the center of the 
quadrupole winding of 4.28 T and a peak field in the end turns 
of 5.01 T. Although the field and gradient are modest, the 
Rbor~Boz product of 2.0 m2-T2, corresponding to the axial force 
and the stored energy per unit length, are nearly three times 
higher than those of any previous quadrupole magnet. The 
implied protection and structural requirements drive the design 
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decision to reinforce the Rutherford cable. 
Because of the complexity of design with 3D partially 

saturated iron, independent calculations, using both Vector 
Fields and ANSYS3D were used. Both commercial codes had 
to be improved by the vendors, before convergence was 
achieved. The leakage field from the Case I1 magnets into the 
Case I beam is 0.45 gauss, well below the specification of IO 
gauss [2] .  The normalized sixth and tenth harmonics 
allowables are 5.0 x 1U4 and 2.0 x respectively; while the 
calculated values in the straight sections and each of the end 
sections are all less lhan lo4 [2]. The iron shield introduces 
an octupole error thal will probably require compensation. 

A “2.5 D” finite element structural analysis, including axial 
loads on the straight section, was completed on the winding 
pack, steel shell, and titanium winding post. The structure was 
analysed at three points, after the application of preload, after 
cooldown, and at full current. The winding pack and 
insulation are successfully kept in compression at all times 
through the precompression of the outer 30 mm thick stainless 
steel shell and the relative thermal contraction of the winding 
pack against the titanium core. The prestress is applied either 
by precompression of four shell quadrants before welding or 
by epoxy-filled bladders [2]. The end turns and axial structure 
have not yet been analysed. The peak stresses are shown to be 
less than the allowables in Table V. 

The most important feasibility issue with the NbTi design 
option is its stability against proton-beam energy. Even with 
the use of a collimator on the imaging side, Mokhov calculates 
that the sudden local beam-induced energy deposition in the 
Case I1 end turns is 3.12 rnJ/cc [5]. Adiabatic and transient 
simulations calculate that the energy inargin is greater than the 
deposition, if the superconductor fraction of the strand is 
greater than 0.6 (61. However, a practical margin cannot 
exceed 4 d / c c  because of the limited critical temperature of 
NbTi. Redesigning the conductor, using NbsSn, it was 
calculated that the energy margin would be in the range of 50 
< EM 70 d / c c  for all practical copper fractions [6]. The 
difierence between indirect and direct cooling was small in 
comparison to the difference between NbTi and Nb3Sn. 

Quench simulations were completed using an original 
quench code by Smith [2], examining the conductor options of 
NbTi and Nb$n and the protection options of internal heaters 

and external dump resistors. All four options were feasible. 
External dump resistors were selected because of much lower 
boiloff, as well as lower hot spot temperature and internal 
voltage. 

The use of Nb3Sn presented feasibility, as well as cost 
problems. Since the Case I1 magnets cannot use the racetrack 
windings favored by the VLHC dipole program, there was 
concern that compound bends in the end turns would preclude 
react-and-wind, while the soldered cable-in-channel would 
preclude wind-and-react. A literature survey [7] indicated that 
wind-and-reaction of the cable-reinforcement topologies 
mentioned in [3] using recently developed ceramic tape, 
followed by vacuum-pressure impregnation, would be feasible. 

IV. CONCLUSIONS 
A large bore Case I1 quadrupole has been designed that 

meets all of the requirements for a 300 mm Field of View 
proton focusing system. 

suppression of the sixth and tenth harmonics and of stray field 
into the Case I bore. 

A support structure using a 30 mm steel shell and a titanium 
winding pole keeps all radial and azimuthal stresses within 
allowables. 

to the expected energy deposition in the magnets nearest the 
Sample. An order of magnitude safety margin could be 
provicled by a design using Nb3Sn. A wind-and-react design, 
using ceramic fiber insulation is being developed as an 
alternative. 

Three-dimensional field analysis shows adequate 

The energy margin of the NbTi quadrupoles is comparable 
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