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Abstract

A high-power liquid hydrogen target was built for the Jefferson Lab Qweak experiment, which
measured the tiny parity-violating asymmetry in e⃗p scattering at an incident energy of 1.16
GeV, and a Q2 = 0.025 GeV2. To achieve the luminosity of 1.7× 1039 cm−2 s−1, a 34.5 cm-
long target was used with a beam current of 180 µA. The ionization energy-loss deposited
by the beam in the target was 2.1 kW. The target temperature was controlled to within
±0.02 K and the target noise (density fluctuations) near the experiment’s beam helicity-
reversal rate of 960 Hz was only 53 ppm. The 58 liquid liter target achieved a head of 11.4
m (7.6 kPa) and a mass flow of 1.2 ± 0.3 kg/s (corresponding to a volume flow of 17.4 ±
3.8 l/s) at the nominal 29 Hz rotation frequency of the recirculating centrifugal pump. We
describe aspects of the design, operation, and performance of this target, the highest power
LH2 target ever used in an electron scattering experiment to date.
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Acronyms:

JLab Thomas Jefferson National Accelerator Facility

CHL Central Helium Liquifier

ESR End Station Refrigerator

HX Heat Exchanger

HPH High Power Heater

SM The Standard Model of particle physics

LH2 Liquid Hydrogen

BCM Beam Current Monitor

ASME American Society of Mechanical Engineers

AWG American Wire Guage

CFD Computational Fluid Dynamics

CAD Computer-Aided Design

SRF Superconducting Radio-Frequency

NPSH Net Positive Suction Head

PID Proportional-Integral-Differential feedback loop

JT Joule-Thompson (valve)

STP Standard Temperature and Pressure

EDPM ethylene propylene diene monomer rubber

GV Gate Valve

UT Ultimate Tensile strength

TS Temperature Sensor

GUI Graphical User Interface

UNF Unified National Fine thread

FFT Fast Fourier Transform
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1. Introduction1

The Qweak experiment [1] provided the first determination of the proton’s weak charge2

Qp
w, and used it to probe for physics beyond the standard model (SM) of particle physics. To3

reach for new physics at TeV-scales, the experiment sat at the precision/intensity frontier,4

where precise measurements can be compared to precise predictions of SM observables like5

Qp
w.6

The weak charge is the electroweak analog of the familiar electromagnetic charge. The7

weak interactions in electron-proton scattering that occur as a result of neutral Z0 exchange8

have to be separated from among the much more copious electromagnetic interactions that9

occur when a photon is exchanged between the electron and proton. This was accomplished10

using parity violation: although parity is conserved in the electromagnetic interaction, it is11

violated in the weak interaction [2, 3].12

TheQweak experiment exploited this distinguishing feature by measuring the spin-asymmetry13

in the elastic scattering of longitudinally-polarized electrons from protons14

APV =
σ+(θ)− σ−(θ)

σ+(θ) + σ−(θ)
(1)

where the beam helicity subscript ± denotes whether the incoming electron is polarized15

parallel or anti-parallel to its momentum of about 1.16 GeV. As described in [4], it was16

crucial to perform the experiment at small angles (⟨θ⟩ = 7.9◦) and small four-momentum-17

transfer squared (⟨Q2⟩ = 0.0248 GeV2) to minimize the contributions of hadronic (internal18

proton structure) corrections relative to the weak charge. The final results of the experiment19

and corresponding physics insights were published in [4].20

1.1. Performance Requirements21

Because the parity violating asymmetry was expected to be small (APV ≈ −230 ppb)22

and had to be measured with precision (≲ 10 ppb), the beam had to be intense and the23

target had to be thick. To reach the desired precision goal in roughly a year’s worth of beam24

delivery, the electron beam current used in the JLab Qweak experiment was 180 µA, and25

the liquid hydrogen (LH2) target was 34.5 cm thick. This resulted in the highest luminosity26

(1.7 × 1039 cm−2 s−1) ever employed with a LH2 target in an ep scattering experiment at27

Jefferson Lab, or any other laboratory we’re aware of.28

However, the cost of high luminosity is more beam heating. Over 2 kW of heat deposited29

by the beam in the LH2 had to be removed to maintain the target temperature within about30

10 mK of its nominal value of 20.00 K. This exceeded the nominal cooling power available31

from the JLab End Station Refrigerator (ESR) and led to the development of a novel hybrid32

heat exchanger (see Sec. 2.4) for the target which simultaneously made use of 15 K high-33

pressure helium gas coolant normally used for cryotargets as well as low-pressure 4 K helium34

liquid normally used for superconducting magnets.35

Moreover, high luminosity also leads to more boiling in the LH2. Density fluctuations36

from target boiling ∆A tgt near the helicity-reversal frequency of the beam contribute in37

quadrature to the total asymmetry width ∆A qrt measured over beam-helicity quartets. Thus38
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boiling increases the time required to achieve a given precision goal, and must be minimized.39

Typically, ∆A qrt was 225-230 ppm, and consisted of the quadrature sum of detector statistics40

(∆A stat ≈ 215 ppm), beam current monitor (BCM) resolution (∆ABCM ≈ 43 ppm), and41

a target boiling component ∆A tgt of about 52 ppm (see Sec. 4). The statistical width42

(uncertainty) ∆APV of the measured parity-violating asymmetry APV depends on ∆A qrt :43

∆APV = ∆Aqrt/(P
√

Nqrt), (2)

where P is the beam polarization, and N qrt is the total number of beam-helicity quartets.44

At 100% efficiency, N qrt = 107 per day with the 240 Hz quartet helicity patterns (+−−+ or45

−++−) used in the experiment. The time penalty for the experiment from target boiling46

(also referred to as target noise) is thus the square of the ratio of the asymmetry width47

∆A qrt with and without the boiling contribution ∆A tgt . The design goal was to limit the48

time penalty from target boiling to less than 10%. Despite the record luminosity of the49

Qweak target, the penalty achieved was even smaller: only 5%.50

The successful development of a LH2 target that could meet all these conflicting require-51

ments is the subject of this article.52

1.2. Performance Scaling53

In the Qweak experiment’s proposal stage, the target noise ∆A tgt that might be achievable54

was estimated by scaling the well-studied low-noise target used for the G0 experiment [5].55

The scaling was estimated as follows:56

∆A tgt(Qweak) ∼∆A tgt(G0)× Ltgt

(
Qweak

G0

)
×Rwidth

(
G0

Qweak

)2

× Ibeam

(
Qweak

G0

)
× νbeam

(
Qweak

G0

)−0.4

× ṁLH2

(
G0

Qweak

)
, (3)

where Ltgt refers to the target length, Rwidth to the square raster dimension, Ibeam the57

incident beam current, νbeam the beam helicity-reversal rate, and ṁLH2 the LH2 mass or58

volume flow rate across the beam axis. The values used in this scaling Eq. 3 are tabulated59

in Table 1. The G0 values come from Ref. [5], and the values for the Qweak target described60

here are what were initially proposed and actually used.61

The assumption that the target noise is the same for transverse and longitudinal flow62

was untested, so the mass flow was scaled linearly instead of quadratically or even cubically63

as inferred in [5]. The power scaling used for the faster helicity reversal was based on results64

obtained [6] for just three simulated helicity reversal frequencies on the standard Hall C65

cryogenic target which did not have and was not designed for small target noise. It is66

however clear a priori that faster helicity reversal results in better performance because the67

statistical width of faster (shorter) helicity patterns at a fixed beam current must be larger,68

and thus a given target noise makes a smaller relative contribution to the total asymmetry69

width, as shown in Sec. 4.5. Moreover, Fourier transforms of the noise spectrum showed70
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Beam Raster Helicity Volume Noise
Length Current Area Reversal Flow ∆A tgt

Target (cm) (µA) (mm2) (Hz) (l/s) (ppm)

G0 [5] 20 40 4 30 4 238
Qweak 35 180 16 960 15 31

G0 factor 1.75 4.5 0.25 0.25 0.27 0.13

Table 1: Parameters used in Eq. 3 to provide an initial estimate of the helicity-quartet target noise that
might be achievable in the Qweak target, based on the performance of the G0 target reported in [5]. The
last row lists the multiplicitive factors that scale the G0 target noise ∆A tgt to the target noise expected for
the Qweak target, using the assumptions noted in the text.

that there is more noise at lower frequencies, especially below the 60 Hz line frequency and71

due to mechanical vibrations from the 30 Hz LH2 recirculation pump, for example.72

To summarize, this simple scaling provided early reassurance that the target noise goals73

of the experiment might be met with reasonable improvements to existing technology on74

several fronts.75

2. The Target Components76

2.1. Overview77

As noted above, in a parity experiment it is important to design a LH2 target capable of78

handling an intense beam with correspondingly large beam-related heat deposition, as well79

as to minimize density fluctuations near the helicity reversal frequency which cause noise80

that degrades the uncertainty ∆APV of the asymmetry measurement associated with the81

experiment. The density fluctuations can arise from boiling associated with beam heating in82

the LH2 fluid and the target cell windows where the beam enters and exits the cell containing83

the LH2. These target cell windows also present a background which must be measured and84

corrected for in order to isolate the results that arise from the hydrogen.85

The basic design of the Qweak LH2 target is shown in Fig. 1. Like most cryogenic targets86

it is based on a loop of recirculating LH2 in an insulating vacuum provided by a scattering87

chamber. The LH2 circulation is provided by a pump. The beam interactions with the88

LH2 take place in a target cell which separates the LH2 volume from the beamline vacuum89

with thin windows where the beam can enter and exit the cell. The heat associated with90

the ionization energy loss of the beam passing through the LH2 and associated cell windows91

is removed with a cold helium heat exchanger, which is also used to condense the hydrogen92

in the system. The temperature of the LH2 is regulated using a resistive heater immersed in93

the LH2 flow which is continuously adjusted by means of a Proportional-Integral-Differential94

(PID) feedback loop.95

The Qweak target was built to code [7]. Target operators were trained in the physics96

principles and operational procedures of the target, and given practical training specific to97

this target by a subset of the authors of this article. A dedicated target operator staffed98
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the target 24/7 whenever hydrogen was condensed in the target, and the same people who99

provided the training were available on-call for any problems the target operators couldn’t100

solve on their own.101

2.2. The Target Cell102

The target cell defines the volume where the LH2 flows across the beam axis and electron-103

proton interactions occur. It separates the pressurized flow space of the LH2 from the vacuum104

of the beamline and the scattering chamber.105

Although the requirements that the Qweak experiment placed on the target were demand-106

ing, they also presented some design opportunities because the target needed to serve the107

needs of only one experiment. In particular, the experiment’s acceptance was limited to108

forward angles 5.8◦ < θ < 11.6◦ by means of a collimator system downstream of the tar-109

get. This suggested a conical LH2 volume whose axis coincided with the beam such that110

all electrons scattered less than ≈ 14◦ could pass out of a large thin exit window on the111

downstream end of the target cell.112

The precise geometry of the cell with its carefully tailored input and output LH2 man-113

ifolds was arrived at iteratively using Computational Fluid Dynamics (CFD) simulations114

[8]. The finite-element analysis software used for the CFD simulations was developed by115

Fluent, Inc. now part of ANSYS, Inc. The CFD simulations were benchmarked to the G0116

target [5] cell. Designing a high-power target before CFD became feasible was mostly based117

on experience and conjecture. With the proper use of CFD design, heating of LH2 in the118

beam-illuminated volume of the cell can be mitigated by adjusting flow geometry and flow119

parameters to satisfy the physics requirements for target noise.120

The ANSYS-Fluent CFD engine [8] solves conservation and transport equations itera-121

tively through gas, liquids, solids or even plasma. Of the first three, the evolution equations122

are most difficult to solve in fluids (gases and liquids), hence the developers kept the word123

“fluid” in the name of the software. But the software is capable of solving the conservation124

and transport equations in solids too and to deal with fluid-structure interactions. The125

heat deposited by the electron beam into any medium/material it traversed was calculated126

using the collisional heat deposition formula described in Eq. 6 below. The CFD software127

can deal with fluids from subsonic to hypersonic regimes, and it can incorporate chemical128

reactions. We even used CFD to simulate H2 release and fire in various accident scenarios129

in the experimental hall to better define keep-out zones for ignition sources, etc.130

The CFD process for the Qweak target started by creating a geometry in a Computer131

Aided Design (CAD) program with an appropriate mesh size to capture the flow details of132

interest. The meshed geometry was imported to Fluent and a case was set up. The case133

included boundary and bulk conditions, turbulence modelling, fluid-structure interactions,134

etc. Material properties were corrected for temperature dependence over the range 15-300 K135

and a 2-phase flow model for hydrogen was used to capture the liquid-vapor phase transition136

wherever it may occur in the geometry. The flow was calculated iteratively to convergence137

either in steady-state or transient mode. If the model converged, the next step was post-138

processing: comparison of the model predictions to the experiment’s goals for the target,139

and using that comparison to inform parameter and geometry changes that might lead to140

8



Figure 1: A schematic showing the components of the Qweak target. A: The beam interaction cell (pitched
90◦ in this figure in order to illustrate the flow pattern), B: the resistive heater, C: the centrifugal LH2 re-
circulation pump, D: the hybrid heat exchanger, E: the solid target ladder, which was mounted directly
below the cell, and F: the long thin stainless-steel pipe which thermally isolated and mechanically supported
the target loop, as well as the manual cell adjustment mechanism at its lower end.
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better results in the next iteration. The design phase was completed once a geometric model141

satisfied the physics requirements in a robust way.142

CFD steady-state simulations are very reliable at predicting the equilibrium density loss143

in a target cell caused by beam heating. We tried to develop CFD technologies to also predict144

the LH2 density fluctuations at the electron beam-helicity reversal frequency of 960 Hz, but145

were limited by the available computational power at the time. We estimated that to acquire146

1 sec of LH2 flow time with a top-of-the-line workstation (≈ 2007-2008) would require 5 years147

of continuous computer time, which was not feasible for our design purposes.148

After the baseline was established by simulating the G0 target [5] geometry, a stretched149

G0-like longitudinal flow design was studied which adopted off-center flow diverters [9] to150

mitigate beam heating at the cell windows. Those results were then compared to a transverse151

flow design with a conical LH2 target volume. Local heating at the entrance and exit windows152

was reduced by diverting some of the ≈ 3 m/s transverse flow diagonally across the beam153

axis to the central region of each window at ≈ 7 m/s, as shown in Fig. 2. Table 2 compares154

the results obtained for both designs. Although both designs had local hot spots, and both155

were predicted to have maximum temperature increases ∆Tmax below the 3.7 K required for156

fluid boiling, the transverse design ∆Tmax was about half that of the longitudinal design.157

The transverse flow conical cell design was chosen for the Qweak experiment, machined out of158

a cylindrical block of cast 2291 aluminum, as shown in Fig. 3. The head associated with this159

cell and its inlet and outlet manifolds was determined from CFD calculations to be 2.5 m.160

The cell main body and its inlet and outlet manifolds were machined from B209 alu-161

minum 6061-T651 plate and welded together. Sections of B209 2219-T851 plate were then162

welded to the upstream and downstream faces of the cell as well as to the outer ends of the163

inlet and outlet manifolds. Custom conflat flange knife-edges were machined into the 2219164

surfaces as a last step (see Fig. 3). The two alloys were used because welded 6061 is too165

soft to hold the conflat knife-edge, and we couldn’t get the harder 2219 plate thick enough166

to build the whole cell.167

P < v > ∆ρ/ρ < q > < ∆T > ∆Tmax

W/cm3 m/s % W/cm2 K K

Windows 3950 7 - 22.3 15.2 22.7
Transverse 245 2.8 0.8 - 0.476 1.73

Longitudinal 245 0.28− 3.8 1.8 - 1.1 2.97

Table 2: Predictions from CFD simulations for various properties of two different target designs, assuming
180 µA e− beam rastered 5×5 mm2 on a 35-cm-long LH2 target held at 20 K and 35 psia (3.7 K sub-cooled)
with a 1 kg/s mass flow (15 liters/s). The beam power in the LH2 is 2120 W and 25 W in the two 0.125
mm thick Al windows. The columns represent the volume power density P, the average LH2 flow velocity
v, the relative change in density ∆ρ/ρ, the areal power density q, the average overall temperature increase
∆T , and the maximum temperature increase ∆Tmax.
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Figure 2: Flow velocity predictions from CFD models for a longitudinal, G0-like cell design with an offset
flow diverter (left) and a transverse, conical cell design (right). The beam is incident from the left for the
G0-like cell. The LH2 flow is coaxial, entering from the left inside the perforated flow diverter and exiting
the cell at larger diameters outside the flow diverter also on the left. For the transverse cell, the beam is
incident from the bottom and the LH2 flow enters the cell from the right and exits the cell on the left. The
input manifold directs part of the LH2 flow at the entrance and exit windows. The remainder is directed
across the beam axis.

Figure 3: Left: CAD depiction of the LH2 cell, showing the beam and scattered electron LH2 volume (solid
yellow) inside a wire frame of the cylindrical aluminum alloy cell. The LH2 exit manifold is denoted in
orange on the left of the figure. The LH2 flow is directed across the beam axis by the four sections of the
LH2 input manifold on the right. Right: The inside of the conical cell looking upstream is shown in the inset
photo in the lower left. The conflat knife-edge is visible just inside the outer bolt pattern. The LH2 flow is
from right to left in both depictions. The incident electron beam is from the upper right to the lower left
along the central axis of the yellow conical LH2 volume in the CAD diagram.
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Figure 4: A photo of the downstream face of the LH2 target cell window after about 6 months exposure
to 140 µA beam, looking upstream from downstream at the vacuum side of the window. The discoloration
pattern left by the 4× 4 mm2 rastered beam spot is clearly visible in this photo, indicating that the beam
was well centered on the thin nipple of the 190.5 mm diameter convex exit window machined from a 305 mm
diameter flange. The inset in the lower right shows a closeup of the central 0.127 mm thick, 15 mm diameter
nipple with the 4 × 4 mm2 spot left by the beam clearly visible and well centered. No corresponding spot
was made on the opposite (LH2) face of the window.

2.2.1. Cell Windows168

The collaboration advocated for beryllium windows where the beam entered and exited169

the cell containing the LH2. With an atomic number of only 4, a very high melting point,170

good strength and thermal conductivity, beryllium seems like an ideal window material to171

use to minimize background and beam heating in the windows. However it can be brittle172

at low temperatures and the consequences of that proved fatal in the past [10] at another173

laboratory.174

With that tragic accident in mind, the aluminum alloy 7075-T651 was chosen for the175

target windows instead of Be. Aluminum is more ductile then Be at low temperatures. This176

alloy was chosen for its superior strength, and consisted of Al (89.2 wt%), Zn (5.87 wt%),177

Mg (2.63 wt%), Cu (1.81 wt%), and other (0.47 wt%), determined by chemical assay of178

the aluminum actually used for the target. The windows were machined from single billets179

of ASTM B209 7075 -T651 aluminum plate that were extruded and hot rolled to minimize180

voids (relative to cast aluminum). Although target window background was the largest181

correction that had to be accounted for in the Qweak experiment (about 17%), no other182

problems related to the target windows were encountered.183

The cell entrance window [11] design was similar to windows in use at JLab for many184

years. Past applications include 1.55 MPa (225 psia) helium gas targets and (more typically)185

170 kPa liquid hydrogen targets. The entrance window was tested to 3.45 MPa (500 psi).186

It consisted of a 12.7 mm-thick, 69.3 mm-diameter machined conflat flange with a 22.2 mm187

bore. The downstream end of the flange supported a 22.2 mm-i.d., 25.4 mm-o.d. cylindrical188

re-entrant tube 41.4 mm long which penetrated the target cell block into the LH2 volume.189
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The flange and the tube were machined as one piece from a single block. The 0.097 mm-thick190

entrance window at the end of the tube separated the beamline/scattering chamber vacuum191

from the nominally 220 kPa LH2. The deflection of the center of the 22.2 mm-diameter192

entrance window measured at 300 K and the 221 kPa operating pressure of the target was193

only 0.18 mm.194

The exit window was also machined from a single piece of extruded Al 7075 -T651 plate.195

The window diameter had to be large enough to accept all of the scattered electrons of196

interest (θlab ⪅ 14◦) unimpeded. The thickness of this window was optimized to 1) reduce as197

much as possible the background from beam electrons interacting with the aluminum at the198

center of the window, 2) maintain the strength required to safely contain the fluid pressure,199

and 3) provide sufficient window thickness to promote conduction of heat generated by the200

beam passing through the window. To meet these design requirements, the exit window201

was composed of three radial zones, as shown in Fig. 4. The outermost zone from 152.4202

mm > r > 86.7 mm consisted of a 38.1 mm (1.5′′) thick annulus with a custom conflat203

knife-edge machined into the upstream face that mated (using vented Ti bolts and an 1100-204

O soft aluminum gasket) to the custom conflat knife-edge machined into the downstream205

face of the target cell body visible in the Fig. 3 photograph. The second annulus extended206

from 86.7 mm > r > 7.5 mm and had a convexity of 254 mm with a thickness of 0.51 mm207

to accommodate the scattered electrons as mentioned above. The final inner section was a208

15 mm diameter disk just 0.13 mm thick, through which the electron beam passed. This209

last section was made as thin as safely possible in order to reduce background from and heat210

deposition in the aluminum.211

To guide the initial design of the window, a simplified model was developed which con-212

sidered the convex section of the window as spherical such that the stress could be expressed213

as S = PR/(2t) where P is the pressure load, R is the radius of curvature, and t is the thick-214

ness of the shell. From this basic model, thicknesses were varied to optimize the strength,215

physics, and thermal performance of the window. With a pressure of 0.55 MPa (80 psi), the216

stress in the domed section of the window was 138 MPa. The maximum allowable stress for217

the window was determined using the material properties given in ASTM B209 and is the218

lower of 2/3 the yield stress SY or 1/3 the ultimate tensile stress SUT , i.e. 175 MPa. Thus,219

the domed section was deemed suitable for more sophisticated analysis.220

To model the thin central nipple of the window, an expression for the stress S in large221

deflections (more than 0.1t) of thin circular sections from [12] was used:222

S = 0.423

(
EP 2r2

t2

)1/3

(4)

where E = 71.7 GPa is the modulus of elasticity, r and t here refer to the radius and223

thickness of the nipple. This gave a stress of 179 MPa which is slightly above the allowable224

but still deemed acceptable for further analysis.225

Similarly, the deflection at the center was determined [12] as226

y = 0.662r (Pr/(Et))1/3 = 0.38 mm (5)
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for the same pressure load used to determine the stress above. This deflection could then227

be compared to other models and measurements made during testing.228

Because of the complex geometry of the window, we ultimately employed a more detailed229

model using the elastic plastic technique given in the ASME Boiler and Pressure Vessel Code230

[7]. This technique utilized finite-element analysis with an augmented pressure load at least231

2.4 times the expected maximum pressure of 0.69 MPa, which finally enabled us to conclude232

that the window would be safe to use as designed.233

As a final check, a sample of windows were hydrostatically tested to destruction with234

failures near 1.7 MPa. This was more than 2.4 times the maximum pressure in the cell, and235

8 times more than the typical operational pressure when the target was condensed. The236

entrance and exit windows were replaced with identical spares about halfway through the237

experiment.238

2.3. Cooling Power239

The Qweak experiment’s design requirements included a 180 µA beam of 1.165 GeV240

electrons rastered into a pattern no larger than 5×5 mm2 onto a liquid hydrogen target ≈35241

cm long. The final 34.5 cm target length is corrected for thermal contraction to T = 20 K242

and pressure bulging at the nominal operating pressure P = 220 kPa. The ionization energy243

loss associated with the passage of the electron beam through the LH2 is244

P = Ibeam Ltgt ρtgt dE/dx = 2060 W, (6)

where the beam current Ibeam is in µA, the target length Ltgt is in cm, the parahydrogen245

target density [13] at this temperature (T ) and pressure (P ) is ρtgt = 0.0713 g/cm3, and246

the energy loss (including the density effect [14, 15]) is dE/dx = 4.653 MeV/(g/cm2). One247

must also account for the viscous heating of the LH2 (175 W), the heat generated by the248

submersed LH2 recirculation pump (∼150 W), conductive heat loss to the outside (∼150249

W), reserve heater power for control of the target temperature (∼250 W), and the entrance250

and exit windows (∼22 W). Accordingly, a cooling power of about 3 kW is required.251

This far exceeds the cooling power which was then available from the JLab End Station252

Refrigerator (ESR), which could supply up to 25 g/s of 12 atm, 14.5 K helium coolant for253

cryogenic targets (shared between all end stations). With coolant returned at P = 3 atm,254

this represents a cooling power255

Q = ṁCp∆T (7)

of only 860 W even if all of the available 15 K coolant were used for the 20 K Qweak256

LH2 target. To achieve the required 3 kW cooling power, the available 15 K cooling power257

had to be increased and augmented with the approximately 20 g/s excess capacity of the258

3 bar, 4 K Central Helium Liquifier (CHL) which is normally dedicated to cooling the259

accelerator’s superconducting radio-frequency (SRF) cavities and superconducting magnets260

in the experimental end stations. Use of the CHL excess 4 K helium coolant (in conjunction261

with the 15 K coolant) had three disadvantages. First, SRF operation was strained without262

the excess capacity margin typically provided. Second, since hydrogen freezes around 14 K,263
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use of 4 K coolant was problematic. Finally, the existing vacuum-insulated coolant transfer264

line infrastructure was not designed for this hybrid situation.265

Although the separate 15 K supply and 20 K return transfer line plumbing was adequate,266

the existing 4 K supply and its return were co-axial, since the 4K is normally used to cool267

super-conducting spectrometer magnets in the end-stations which return the coolant at 5 K.268

Returning the coolant at the 20 K operating temperature of the target required a non-coaxial269

arrangement. Ultimately this challenge was met by warming up all the superconducting270

magnets in the Hall C end-station hosting the experiment, hijacking the 4K supply piping for271

the target, and returning (at 20 K) the coolant supplied at 4 K through the LN2 transfer line272

shield. This decoupled the 4K supply and return as needed, and improved the effectiveness273

of the shield.274

To further improve the available cooling power for this experiment, a new heat exchanger275

(HX) was put in place at the ESR which essentially used the remaining enthalpy of the276

returning coolant supplied by the CHL to pre-cool the helium being used for the high277

pressure 15 K supply. This modification doubled the capacity of the 15 K supply. Since the278

coolant supplied by the CHL had to be returned to the CHL at room temperature anyway,279

there was no downside to using the CHL return enthalpy for this purpose. The combined280

cooling power from both the 15 K ESR and 4 K CHL refrigerators met the unprecedented281

3 kW cooling power required for the target. A schematic showing the basic configuration of282

the CHL and ESR during the Qweak experiment is shown in Fig. 5. The Hall C Moller bypass283

shown in that figure refers to the Moller polarimeter’s superconducting magnet which was284

energized for most of the experiment.285

2.4. Heat Exchanger286

The purpose of the target’s heat exchanger was to use helium coolant from the end287

station refrigerator to remove heat from the LH2. The fact that the cooling power required288

for the target could only be achieved by combining all the 15 K cooling power available289

from the ESR with all the excess 4 K cooling power of the CHL led to the design of a novel290

hybrid heat exchanger (HX). Combining the 4 K and 15 K HXs into a single (hybrid) HX291

minimized space, H2 volume, and pressure head loss.292

This single 3 kW counterflow HX employed 12.7 mm diameter copper fin-tube with 16293

fins per inch. The 0.38 mm-thick fins extended 6.4 mm beyond the copper tube. The294

HX consisted of 3 adjacent sections, each with 3 radial layers, as depicted schematically in295

Fig. 6. Each layer in each section was composed of 5 turns of copper fin-tube. Each layer296

was separated by a thin perforated stainless-steel sheet. To minimize the pressure drop297

∆P across the HX, no “rope” was employed to fill the gap between turns as is sometimes298

done. The fin-tube connections between sections and layers were brazed together as shown299

in Fig. 6 to equalize the pressure drop across the HX for each of the 3 independent helium300

coolant circuits, two of which were connected in parallel at the inlet and outlet. In other301

words, each of the 3 fin-tube circuits consisted of an inner layer in one section, a middle302

layer in another section, and an outer layer in a different section. The 4 K coolant was fed303

through 2 of the 3 fin-tube circuits, and the 15 K coolant was fed to the third circuit. A 9.2304

cm diameter cylindrical aluminum mandrel occupied the volume inside the inner layer of fin305
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Figure 5: Schematic showing the unique configuration of the End Station Refrigerator (ESR) for the Qweak
target, taking advantage of both 4K and 15K coolant supplies and reducing wasted enthalpy with a novel
recovery heat exchanger.

tube. The entire fin-tube assembly was contained in a 27.3 cm-o.d. stainless-steel shell 3.4306

mm thick and 70.6 cm long (not including the head assemblies at each end) through which307

the LH2 flowed. The JLab-designed HX was assembled at an ASME shop [16].308

The most important metrics in the design and operation of a HX are the head it presents309

and its cooling power. We also used CFD to determine that no local freezing of the LH2 oc-310

curred in the 4 K section of the HX during normal equilibrium operation.311

The head loss of the HX was calculated in the CFD model and was consistent with an312
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Figure 6: Basic CAD depiction of the hybrid 3 kW heat exchanger. The finned copper-tubing was wound
along a cylindrical mandrel which diverted the LH2 flow through the two 4 K and one 15 K parallel circuits
in three sections of alternating radius.

independent estimate assuming a 15 l/s volume flow of 20 K LH2 using the Darcy-Weisbach313

formula. A velocity was obtained from the volume flow by carefully estimating the effective314

flow area for each layer of fin tube. The head obtained by this method (1 m) was combined315

with the head associated with the 7.6 cm ↔ 27.3 cm abrupt transitions at the ends of the316

HX to arrive at the predicted overall 2.1 m head loss associated with the HX.317

The predicted HX cooling power was studied with CFD and in the design phase by318

starting with the expression for the heat transfer rate for a HX:319

Q = U∆TLM . (8)

The log mean temperature difference ∆TLM for a counterflow HX is expressed in terms of320

the difference between the coolant and the LH2 temperatures ∆To (∆Ti) at the outlet (inlet)321

to the HX:322

∆TLM =
∆To −∆Ti

ln ∆To

∆Ti

. (9)

The heat transfer coefficient U contains a term to account for the convective heat transfer323

between the He coolant and the walls of the Cu fin tube, as well as a term to account for the324

convective heat transfer between the LH2 and the Cu fin-tube walls. Ignoring the thermal325

resistance of the Cu fin-tube walls, the overall heat transfer coefficient can be expressed in326

terms of the heat transfer rate per unit area hx and the corresponding effective area for heat327

exchange AHX
x for each fluid x as follows:328

1/U =

(
1

hLHALH
HX

+
1

hHeAHe
HX

)
, (10)

where x represents helium or LH2. For the present case of turbulent flow (Re(LH2) ≈329
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1.3× 106), hx is [17]330

hx =
0.023CpG

0.8 η0.2

(Pr)0.6 (De)0.2
, (11)

where Cp is the specific heat, G the mass flow rate per unit area (G = ṁ/Aflow), η is the331

viscosity, De the effective HX area (De = 4 (tube area)/(heat transfer surface perimeter)),332

Pr is the Prandtl number (Pr = ηCp/λ), and finally λ is the thermal conductivity.333

The geometry of the Qweak HX is summarized in Table 3, along with the calculated334

effective areas for heat exchange. The thermodynamic properties of Hydrogen and Helium335

needed for the coolingpower calculations are listed in Table 4.336

Property Value Units

Mandrel od 3.625 in
Fin Height 0.25 in

Fin Tube diam 0.5 in
Spacer thickness 0.063 in

Fin thickness 0.015 in
Fin pitch 16 fins per inch
# turns 5 turns
# layers 3 layers

# sections 3 sections
LH2 Volume flow 15 l/s

Fin Tube Thickness 0.035 in
Total Fin Tube Length 23.79 m

Eff. LH2 HX Area 12.34 m2

Eff. He HX Area 0.816 m2

He Flow Area 0.94 cm2

LH2 Flow Area 121.6 cm2

Table 3: The geometry of the fin-tube heat exchanger. The Effective HX areas in the table are for all 3
sections. In practice, 1/3 of total Eff. HX areas were used for the 15 K coolant, and 2/3 were used for the
4 K coolant.

The actual cooling power prediction is now straightforward using Tables 3 and 4 in337

Eqn.’s 8-11. The result is presented in Table 5. In Table 5 the hydrogen inlet temperature338

is set to the operating/outlet LH2 temperature of 20 K plus the 0.24 K temperature rise339

expected from a 2.5 kW heat load using Eq. 7. The helium coolant inlet temperature is340

chosen as 15 or 5 K for the two coolant sources in the hybrid HX. The cooling power result341

is quite sensitive to the coolant outlet temperature THe
o chosen in the calculation. This342

temperature cannot exceed the hydrogen outlet temperature of 20 K, and the calculation is343

at its most conservative if this value is chosen for the helium outlet temperature, as presented344

in Table 5. With a less aggressive choice of 19 K for THe
o , the predicted total cooling power345

rises from 3066 W to 4864 W. In any case the predicted HX performance seemed capable of346

serving the requirements of the Qweak experiment.347
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LH2 15K Coolant 4K Coolant
Property Symbol Value Value Value Units

pressure P 35 175 22 psi
temperature T 20 15 5 K

density ρ 71.3 49.8 12.59 kg/m3

mass flow ṁ 1.1 0.0172 0.0125(×2) kg/s
specific heat Cp 9384 5384 5751 J/kg-K

viscosity η 1.40E-05 3.96E-06 2.60E-06 kg/m-s
thermal conductivity λ 0.1008 0.030 0.018 W/m-K

Prandtl # Pr 1.30 0.7107 0.8171
Flow Area Aflow 121.6 0.94 0.94 cm2

ṁ/Aflow G 90.45 183.26 133.42 kg/m2-s

Table 4: Thermodynamic properties of LH2, the 4 K Helium coolant, and the 15 K helium coolant relevant
for the heat exchanger cooling power estimate. Some coolant properties are averages over the pressure and
temperature range of each coolant supply. The 25 g/s total 4 K coolant mass flow is split in half in the table
to reflect the fact that it was split into two identical layers of the HX (the third of the three layers was used
for the 15 K coolant).

15K layer 4K layer
Property Symbol Value Value Units

LH2 inlet temperature TLH
i 20.24 20.24 K

LH2 outlet temperature TLH
o 20 20 K

He inlet temperature THe
i 15 5 K

He outlet temperature THe
o 20 20 K

Log mean temperature difference ∆TLM 1.57 3.57 K
He heat transfer rate/area hHe 2014 1411 W/m2-K

LH2 heat transfer rate/area hLH 1786 1786 W/m2-K
heat transfer coefficient U 510 365 W/K

efficiency estimate effi 90% 90%
HX cooling power/layer Qeff 721 1172 W

Cooling power both 4K layers Q4K - 2345 W

Total HX cooling power QHX
tot 3066 W

Table 5: Predicted cooling power for the Qweak counterflow HX.

During the experiment, the HX performed well and handled total heat loads as high348

as 3.2 kW. The only operational difficulties had to do with the tendency to start making349

hydrogen slush (partially frozen hydrogen) during cooldown, due to the use of 4 K coolant350

in the HX. This was dealt with by adding a resistive heater (described in Sec. 2.7) to the 4 K351

supply line in the scattering chamber, to more quickly and forcefully react to sudden drops352

in the 4 K return temperature during the infrequent ≈ 8-hour-long cooldowns required to353
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condense the hydrogen. This was preferable to closing the 4 K supply valve, which had a354

negative impact on the ESR as well as the coolant transfer line.355

2.5. Heater356

The High Power Heater (HPH) was used to replace the beam heat load when the beam357

was off, as well as to regulate the loop temperature within about 10 mK. As with the other358

target components, both CFD as well as analytical tools were used to design the HPH.359

The heater was initially powered by a Sorensen 3 kW 60 VDC power supply requiring360

an ideal resistive load of 1.2 Ω. Unfortunately, the total resistance of the heater with power361

leads was about RH = 1.33 Ω. During the second half of the experiment, when we were362

operating with the maximum beam current, the heater power plateaued around 2700 W with363

the 3 kW power supply. During beam trips at these conditions, we required more dynamic364

range to minimize the temperature oscillations, hence we replaced the 3 kW power supply365

with a 4 kW 80 VDC power supply.366

The heater consisted of four layers of 13 AWG Nichrome wire wrapped through holes in367

crossed G10 boards 1.59 mm thick. The heater resided in a 27.94 cm long section of 7.62 cm368

loop pipe with conflat flanges. Heat transfer calculations were done assuming one can treat369

the heater as an array of in-line cylinders or tubes in a crossflow [18]. CFD simulations370

were performed to confirm these calculations. The wound heater and the CFD simulation is371

shown in Fig. 7. The wire had a diameter D = 1.83 mm, resistance per meter of 0.420 Ω/m,372

and total length of about 11.5 m. With a heat load of 2500 W, the calculations required373

about 8 meters of wire to keep the surface temperature below 23.6 K (boiling point for374

hydrogen at 35 psi), the extra length provided a safety margin and added resistance to get375

closer to the optimal resistance.376

Of course, when the beam was on and the experiment was acquiring data, the heat load377

from the heater dropped to a few hundred Watts. Strictly speaking, it was only necessary to378

avoid boiling during these less demanding conditions, but the heater was designed to avoid379

boiling when the beam was off and the heater was on at full power.380

The longitudinal spacing between the rows was Xl = 2D and there were 23 rows. The381

transverse spacing was Xt = 3.6D. Layers 1 and 4 were connected in series as were layers382

2 and 3, providing two segments of wire of roughly equal length. These two segments were383

then connected in parallel to produce the proper resistance. This resistance was determined384

from the current versus voltage data taken while the heater was submerged in a bath of385

liquid nitrogen and was 1.3 Ω.386

An inline array of wires was used rather than a staggered array to minimize the pressure387

drop through the heater. The pressure drop was calculated with CFD, and found to be in388

agreement with analytic estimates using389

∆P =
fNLG

2
max

2gcρH2

≈ 1.86 kPa

where f is the friction factor, Gmax = Umaxρh2, NL is the number of rows in the heater, and390
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gc = 1 kg ·m/N · s2. The friction factor [19] has the form:391

f =

[
0.176 + 0.32

Xl

D

(
Xt

D
− 1

)−nf

]
Re−0.15

f

where the exponent is nf = 0.43 + 1.13D/Xl. For our flow speeds, the friction factor had a392

value of 0.084. The Reynolds number was evaluated at the maximum average flow velocity393

of the fluid, Umax, and has the form394

Ref =
Umaxρh2fD

µf

where µf is the viscosity of the hydrogen and ρh2 is the density. For our geometry, Umax =395

5.06 m/s and the Reynolds number was about 4.8× 104.396

2.6. Circulation Pump397

The purpose of the pump is to circulate LH2 around the target loop, which contains398

elements that add heat (the heater and the beam) as well as elements that remove heat (the399

heat exchanger). In general, pumping LH2 faster across the beam axis reduces heating from400

the beam and mitigates boiling, but also results in increased heating from friction with the401

loop surfaces. In most cryotargets, the recirculation pump is the component most prone to402

failure.403

A custom LH2 recirculation pump was built at Jefferson Lab. The required pump head
was determined by adding the head from the target loop and all its components. The
capacity was determined by scaling up the performance of the G0 target, as described in
Sec. 1.2. The design head H = 11.4 m (LH2) and capacity Q = 0.015 m3/s at the nominal
30 Hz shaft rotation determines the dimensionless specific speed

Ωs =
N(rpm)

√
Q(m3/s)

52.9 [H(m)]3/4
= 0.671

(Ns = 1835 in US units). This suggests a centrifugal pump geometry capable of providing404

a large head and moderate capacity [20]. Since 2-axis motion was a design requirement, an405

in-line, submersible pump design was chosen over one with an external motor.406

2.6.1. Required Head and Capacity407

Assuming a capacity of 15 l/s, the head associated with each of the major elements of the408

loop was determined as described above in Sec.’s 2.2, 2.4, & 2.5. The head associated with409

the heat exchanger (2.1 m) and the heater (3.0 m) was calculated analytically and checked410

using CFD simulations. The head associated with the detailed cell design was obtained from411

CFD simulation alone (2.5 m). The head associated with the loop plumbing (straight pipe,412

flex hose, elbows, enlargement and contraction of the piping where required) was calculated413

analytically (3.8 m) [21]. The total estimated head was 11.4 m for the entire loop.414
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Figure 7: The upper figure shows a photo of the four-layer concentric heater wound onto a crossed G10
frame before insertion into a dedicated 3′′ diameter spool piece. LH2 flowed along the axis of the NiCr-A
windings as evident in the lower figure, which shows a CFD simulation of the equilibrium LH2 temperature
in degrees K.

Larger capacity results in faster fluid flow across the beam axis, less density reduction,415

and smaller target noise [5]. However, there is a practical constraint imposed by the frictional416

heat of the fluid in the system competing against the finite cooling power available for the417

target. This viscous heating is given by418

Pviscous = 0.72 Capacity(l/s) Head(m) / ϵ, (12)

where the pump efficiency ϵ is estimated to be 72% [22]. Since the capacity is proportional419

to the fluid velocity, and the head is proportional to the square of the velocity, the frictional420
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heating increases with the velocity cubed. A design constraint imposed on the pump was421

to limit the viscous heating to ≤10% of the beam power deposited along the length of the422

target due to ionization energy loss of the beam (2.1 kW). With an 11.4 m head and 15 l/s423

capacity, Pviscous = 177 W. The nominal pipe diameter in the target loop was chosen to be 3′′424

in order to slow down the fluid velocity to 3.3 m/s and meet the viscous heating constraint.425

The expected torque can be estimated from

τ(Nm) = Vs∆P/(2π) = 168 oz-in,

assuming a 60% pump efficiency, where Vs, the volume displacement per revolution, is 1/2426

l for a 30 Hz pump with a 15 l/s capacity, and the head ∆P is 1.3 psi.427

The system pressure (P = 220 kPa) was chosen to be well above the parahydrogen vapor
pressure [23] (Pvp=94 kPa at 20 K) in order to mitigate cavitation. The net positive suction
head

NPSH =
P

ρg
+

v2

2g
− Pvp

ρg
= 175 m.

2.6.2. Pump Fabrication428

The pump was adapted from a commercial (Garrett Motion, Inc.) A356.0 cast aluminum429

automotive turbocharger (see Fig. 8). Conflat flanges (Al 2219-T851) were welded to the430

pump volute to connect to the target loop. The inner diameter of the flanges was 14.0 cm431

(outlet) and 7.3 cm (inlet). A third flange on top of the volute with a 14.9 cm i.d. was used432

for the motor housing. The pump and motor assembly was 46.5 cm high and 27.0 cm in433

diameter not including the outlet flange. The impeller was custom cast and balanced for434

our application by Turbonetics, Inc.435

The most relevant features of the impeller geometry are the outlet radius (r2=7.1 cm),
the height at the outlet radius (h2=1.4 cm), the inlet radius (r1=5.4 cm), the angle of the
impeller blades to the tangent of the outer/inner impeller circumference (β2=50◦/β1=5◦),
and the number of blades (Z=12). Using the expected capacity (Q = 0.015 m3/s) and
rotational speed (30 Hz or ω=188 radians/s), the slip

σ = 1−
√

sin (90◦ − β2)

Z0.70
= 0.86,

and the expected head

H =
σ(ωr2)

2 − r2ωQ tan (90◦ − β2)

2πgr2b2
= 12.5 m

were predicted [22], where g = 9.8 m/s2.436

The pump efficiency was not directly measured. It was estimated [24] from the measured437

capacity, shaft speed, specific speed, and estimated surface roughness of the loop:438

η = 0.94− 0.08955

[
Q(gpm)

N(rpm)

(
3.56

ϵ(µm)

)2
]−0.21333

− 0.29

[
log

(
2286

Ns

)]2
. (13)
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Figure 8: (Left) The pump is shown being tested in a water bath. The 1 hp pump motor is on top.
The pump volute is below the motor, with the suction side submerged. (Right) The impeller used for the
centrifugal LH2 circulation pump is shown. The impeller radius was 7 cm, the height was 6.5 cm, and there
were 12 blades.

439

With ϵ ∼ 10 µm, Q = 230 gpm, N = 1800 rpm, and Ns=1835, the pump efficiency was440

expected to be 72%.441

The pump motor was a nominally room temperature 1 hp AC induction inverter duty442

230 V, 2.8 A explosion-proof Baldor motor. The commercial motor housing was replaced443

with a stainless steel 316L custom housing to adapt it to the pump volute. The pump shaft444

drove the pump impeller on one end, and a small tachometer magnet on the other. The445

motor shaft was slightly resized to accommodate 15.9 mm & 22.2 mm diameter cryogenic446

bearings with stainless steel balls and races, a vespel retainer and molybdenum disulfide447

dry lubricant. The motor was controlled with an Elite microsystems drive controller [25].448

A network of high power resistors was employed between the motor and the controller to449

provide a load when the motor was cold. These were optimized during tests of the pump in450

water (see Fig. 8) and full immersion tests in liquid nitrogen prior to installation of the pump451

in the target loop. The LN2 tests led to adjustments in the impeller-volute clearance, minor452

bearing problems, and controller problems which were solved with the resistor network.453

Eventually the pump was declared ready after running in an open loop at 45 Hz in LN2,454

which has 11 times the density of LH2.455

To help keep the nominally 750 W motor cold, several turns of 6.4 mm diameter copper456

tube were wrapped around the outside of the pump motor housing. This tubing carried457

20 K helium coolant returning to the ESR from the 4K helium supply circuit in the target458

heat exchanger. To obtain a rough estimate the 20 K helium mass flow in these windings,459

we scaled the overall 16.6 g/s 4K supply mass flow to the target by the ratio of the cross-460
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sectional areas of the pump motor tubing and the two layers of 4 K fin-tube in the hydrogen461

HX to obtain an estimated 0.8 g/s. This small helium flow was returned to the ESR via the462

existing ESR warm return as shown in Fig. 5.463

Unfortunately, because the pump motor housing was stainless steel, this technique was464

not very effective at removing heat from the pump motor. The Baldor motor was positioned465

at the high point of the LH2 loop. This essentially isolated the motor housing providing a466

conducive environment for vapor-lock to occur. Without direct cooling from LH2 or LHe,467

the bearings overheated causing the race to fail and ultimately the failure of the bearing468

assemblies.469

In response to this setback, two changes were made. First, new (440C) stainless steel470

races with Si3N4 ceramic balls and a torlon retainer were used, with tungsten disulfide, a471

dry lubricant. These bearings provided a less effective seal between the pump motor and the472

volute, which was useful for the second improvement: a short 1/4′′ bypass tube was added473

from the top of the motor housing to the suction side of the pump providing a circulation474

path and preventing H2 vapor from collecting in the stator housing. The determination of475

the additional 150 W heat load associated with this hydrogen bypass is presented in Sec: 3.1.476

The reduction in pump head was negligible. By scaling the target LH2 flow by the ratio of477

the cross sectional areas of the 1/4′′ hydrogen bypass and the 3′′ pipe used for the target’s478

recirculation loop, we estimate about 1 g/s of hydrogen was diverted through the bypass,479

out of the total 1100 g/s circulating in the target loop. This was enough to keep the pump480

and the target operational for the remainder of the experiment.481

2.7. Auxiliary Systems482

Several auxiliary systems were implemented to improve the operational performance and483

safety of the target. The most important of these was a 500 W resistive heater clamped484

to the 4 K helium supply line in the scattering chamber, just before the HX. This heater485

consisted of a nichrome ribbon sandwiched between 2 layers of kapton, clamped to the486

4 K supply pipe with large copper blocks. The 4 K heater was connected to a Power Ten487

DC power supply which was controlled by a feedback (PID) loop using one of the LH2488

thermometers as input. If the LH2 temperature fell below a threshold value (typically 17489

K) then up to 500 W of power was automatically applied to the 4 K heater to arrest the490

fall in LH2 temperature. This heater was especially useful during cooldown of the target,491

before the H2 was condensed, to help prevent H2 ice from forming on the 4 K sections of492

the HX. However it also proved useful on several occasions when compressor trips in the493

ESR resulted in sudden drops in the nominally 15 K coolant temperature, which had the494

potential to lead to a dangerous freezing of the H2.495

Another system was put in place to help with the difficult cooldown of the target. This496

consisted of a 4 K bypass valve in an external cold box which could be used to shunt the 4 K497

coolant supply to its return path prior to the target. This facilitated greater 4 K coolant498

flow on the supply side, essential to cooling the transfer lines, without overwhelming the499

target’s 4 K HX section during cooldown.500

Another 4 K PID feedback loop acted as deep fallback to prevent the hydrogen from501

freezing in the target during off-normal events. Although a trained target operator was502
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always present when the target was condensed, this 4 K PID loop was meant to act if the503

target operator did not. A temperature sensor in the LH2 flow path provided the input to a504

PID loop controlling the 4 K Joule-Thompson (JT) supply valve. If the target temperature505

fell below 15 K, the PID would automatically step the 4 K supply valve closed.506

Finally, the 2-axis motion system for positioning the target on the beam axis relied on507

glides and slides that were lubricated with vacuum grease. The temperature of the motion508

system therefore had to be maintained near 300 K in the scattering chamber vacuum, and509

was monitored with platinum resistors. To overcome the thermal conduction from the 20 K510

target to the motion system, another Power Ten DC power supply was used to supply ∼40511

W to resistive heaters clamped to the motion system assembly.512

2.8. Motion System513

A motion system was implemented in order to position the LH2 target on and off the514

beam axis, to study and determine the experiment’s optimum neutral axis, as well as to515

position a large number of solid targets on the beam for background measurements and516

diagnostics.517

To set the initial pitch, roll, yaw, and position along the beam line, a “cell adjuster”518

was employed which facilitated the positioning of the target cell and solid target ladder by519

hand over a limited range when the ∼ 61 cm diameter scattering chamber access ports were520

removed (with the target at STP). Use of flex hose [26] to connect the cell to the loop allowed521

these adjustments to be made independently of the rest of the loop. A laser tracker was used522

to determine the target’s coordinates from pre-fiducialized tooling ball locations on the LH2523

cell as well as the solid target ladder, in conjunction with long-established survey points in524

the experimental hall. The cell adjuster was tweaked in an iterative process to achieve the525

desired results.526

A dynamic 2-axis motion system was built to remotely position the target on the beam527

axis vertically and horizontally while the target was cold via the following basic arrangement:528

The shaft of a precision linear actuator, from Danaher Motion, penetrated through the529

top plate of the scattering chamber via a differentially-pumped sliding vacuum seal. This530

actuator shaft attached to a horizontal stainless steel plate which was fixed at both ends531

to vertical guide rails. The plate was thus constrained horizontally, and could only move532

vertically as the electric cylinder was extended or retracted. A second stainless-steel plate533

was hung from three guide rails which were affixed to the bottom of the first plate. These 3534

horizontal rails were oriented perpendicular to the beam axis. The lower plate was welded535

to the top of a 1.57 m long, 20.3 cm diameter, 3.2 mm thick stainless steel pipe which536

supported the target loop at its lower end. When the lower plate was moved horizontally,537

it carried the target with it horizontally, and when the upper plate was lifted, it carried the538

lower plate and the target with it vertically. The heat lost to the environment was only539

Q = A/l
∫ 300K

20K
k dT = 4W , where l and A denote the length and cross-sectional area of the540

pipe.541
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2.8.1. Vertical Motion System542

The vertical motion system was formed from two vertical THK LM guide rails, model543

number HSR85-A of length 99 cm, which supported a horizontal stainless-steel plate between544

them. These rails along with a pair of vertical steel I-beams were connected at their ends545

to a top and bottom ring (see Figure 31). The top ring was fixed to the bottom of the top546

plate of the scattering chamber. The rails were packed with vacuum grease.547

The vertical motion was achieved using a Thomson TC5 series electric cylinder (TC5-548

T41V-100-10B-600-MF1-FS2-B) with a T41V stepper motor from Danaher. This actuator549

has a 600 mm stroke with a 24 VDC brake on the ball screw, a thrust load capacity of 25,000550

N, and a quoted repeatability of ±0.013 mm. The ball screw has a pitch of 10 mm/revolution551

and a 10:1 gear reduction. To minimize any side loading of the cylinder, it was connected552

to the upper stainless-steel plate via a sliding horizontal disk riding on ball bearings packed553

with molybdenum disulfide vacuum lubricant.554

The electric cylinder was positioned above the center of the top plate of the scattering555

chamber (in air). The actuator shaft penetrated the scattering chamber via a sliding seal556

fitted to the top plate. The sliding seal had two pairs of O-rings and was differentially557

pumped between the O-ring pair. The actuator was controlled by an IDC S6961 stepper558

motor drive controller which employed two pairs of end-of-travel limit switches and a home559

switch. In addition to the limit switches, each guide rail was fitted with hard stops at the560

top and bottom, set at the extreme limits of travel.561

2.8.2. Horizontal Motion System562

As mentioned in the introduction to this subsection, the plate hung from the long stain-563

less pipe supported two rails to allow ±5 cm of horizontal motion transverse to the beam564

direction. Two THK LM guide rails, model number HSR35-M1A of length 34.3 cm were565

attached underneath the table. Each rail had two blocks which attached to the plate. These566

rails had a basic load rating of 37.1 kN dynamic and 61.1 kN static. In addition to the rails,567

there was a THK LM guide actuator model number KR46 with a 10 mm lead on the ball568

screw to move the plate. The ball screw was attached to a 90◦, 10:1 gear box which had569

been repacked with vacuum grease.570

The gearbox was attached to a Phytron VSS-UHVC Cryo stepper motor. It was designed571

to operate in an ultra-high vacuum environment. A 24 VDC brake was attached to the ball572

screw and there were also end-of-travel limit switches and a home switch. The Phytron573

motor was controlled with the IDC S6961 drive.574

2.9. Scattering Chamber575

The Qweak scattering chamber contained and supported the cold target loop in an insu-576

lating vacuum. It was composed of a rectangular lower half, a cylindrical upper half, and577

a short transition piece in between. The upper and lower pieces were reused from previous578

experiments. The chamber was about 3.3 m high, with an inside width of 81 cm along the579

beam axis. The vacuum in the scattering chamber was typically around 8× 10−7 Torr when580

hydrogen was condensed in the target.581
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The electron beam passed through large 51 cm ports on the lower half of the chamber.582

The upstream flange was equipped with a fast-acting gate valve (GV). The downstream583

flange was equipped with a custom made, explosion proof, all Aluminum 40.6 cm diameter584

extended stroke GV with a 5 s closing time. The extended stroke was used to retract the gate585

from the small angle scattering region in order to improve the lifetime [27] of the ethylene586

propylene diene (EPDM) seals on the gate. Lead shielding provided in the region where587

the gate sat when retracted further improved the lifetime, according to simulations. The588

beamline flanges were equipped with metal o-rings. Both valves were vacuum-interlocked.589

The 41 cm GV was closed whenever personnel were in the hall and the target hydrogen590

was condensed. The scattering chamber window was downstream of the GV- thus when the591

GV was closed, the target effectively had no thin windows. This improved personnel safety592

in the hall.593

When the GV was open during data-taking, all the scattered electrons which fell into594

the acceptance of the experiment passed through the open throat of the GV and through595

eight 0.89 mm-thick Aluminum 2024-T4 vacuum windows arrayed in a spoked, wagon-wheel596

configuration (matching the experiment’s acceptance) downstream of the GV. The ultimate597

tensile strength (UT) of this material is 469 MPa- the window design is allowed to go to598

50% of this value. Finite element analysis calculations predicted the stress in the window is599

186 MPa when the differential pressure is 1 atmosphere in either direction, only 80% of the600

allowable stress.601

Although nominally a vacuum window, the window was designed to withstand this stress602

in either direction, since in the event of a cell rupture the pressure inside the scattering603

chamber could go as high as 198 kPa.604

Another integral part of the scattering chamber was the dump tank, a 4013 liter steel605

tank connected to the scattering chamber via a short length of 15.2 cm diameter pipe.606

Although equipped with its own vacuum pump, it was part of the same vacuum system as607

the scattering chamber. The dump tank was meant to mitigate the pressure rise from the608

isothermal liquid-gas phase transition that would take place in the event of a target cell609

rupture. In that accident scenario, the LH2 would suddenly find itself in the vacuum of610

the scattering chamber. The transition from liquid to gas and corresponding pressure rise611

could happen too quickly for the vent system to handle. So we assumed this transition is612

instantaneous, and provided enough passive volume to handle the pressure rise associated613

with the phase transition, keeping the system below half an atmosphere. The vent system614

could then handle the relatively slow pressure rise associated with the warming of the vapor615

due to convective heat transfer with the walls of the system.616

2.10. Gas Handling System617

The Hydrogen gas connections were made on either side of the pump. The pump head618

is the measured differential pressure between these (divided by the specific gravity). At the619

outlet side of the pump, a 1.5′′ flex line was connected to a feedthrough on the top plate of620

the scattering chamber which led back to the target gas panel via 1′′ tube. This was the621

target supply line. On the suction side of the pump, between the pump and the HX at the622

top corner of the loop, a 3′′ tee provided a cold 3′′ relief tube to the outside of the top plate.623
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From there a 2′′ tube was used to the gas panel. To accommodate the full ≈ 2′′ range of the624

target’s vertical motion, there was a 180◦ fitting midway along both the supply and return625

lines, such that the lines were mostly horizontal when the target was raised, and mostly626

vertical when the target was lowered. The top of the relief tube was warm, and connected627

through a short flex hose to hard piping leading back to the target gas panel, and on to the628

Hydrogen ballast tanks (22712 STP liters total) stored outdoors. The 4K and 15K helium629

coolant supply and return lines were implemented in a similar fashion.630

Whenever the target was condensed, the target H2 gas supply and return were connected631

through a 2′′ check valve which allowed gas flow to the outdoor H2 ballast tanks located632

220′ away via 2′′ pipe. A small 1/4′′ solenoid valve was kept open between the ballast tanks633

and the target to insure the pressure in the tanks and the target was the same. When634

the target was being filled the 2′′ check valve was bypassed. When the target was at room635

temperature the pressure in the system was typically about 60 psia, and when condensed636

about 33 psia. Since the ballast tanks were outdoors, there was a diurnal pressure variation637

with the outdoor temperature of ±1 or 2 psi, and a slower response with the season. Because638

the LH2 in the target can be considered an incompressible fluid, these changes in pressure639

have negligible effect on its density.640

Independent primary and secondary relief paths were implemented. The 2′′ primary641

relief path was inerted with 1 psig of helium to an elevated parallel plate relief valve located642

outdoors 150′ away from the gas panel in Hall C. It was connected through check valves to643

the exhaust of the mechanical pump that served the gas panel, and the pumps that provided644

the insulating vacuum in the scattering chamber. It was also connected to the target’s 31′′645

H2 supply and 2′′ return through a 60 psig 2′′ relief valve in parallel with 25 psig 2′′ burst646

disk. A check valve separated this relief tree with the parallel plate relief outdoors.647

The secondary containment for the H2 in the target in the event of a cell rupture accident648

was the scattering chamber, isolated from thin windows by the vacuum interlocks on the649

fast-acting gate valves upstream and downstream. A secondary relief system was therefore650

provided to deal with this kind of accident scenario. The 1060 gallon dump tank discussed651

earlier would limit the pressure rise associated with the H2 phase transition from liquid to652

gas in the scattering chamber’s former vacuum space. A 4′′ relief tree consisting of three 2′′653

check valves and an 8 psig 4′′ rupture disk acted as this secondary relief. It connected the654

scattering chamber via a dedicated long 4′′ diameter nitrogen-inerted vent line to a parallel655

plate relief vent outdoors. Finally, the H2 supply and return lines were also each connected656

to this same secondary parallel plate relief valve through independent 80 psig relief valves.657

A vacuum switch controlled by a scattering chamber vacuum pressure transducer was658

used to shut down all the relevant electronics which could act as potential ignition sources,659

and closed a solenoid valve to isolate the H2 ballast tank and prevent the large outdoor H2660

inventory from being dumped into the scattering chamber.661

2.11. Loop Instrumentation662

Ten ports with 7 cm conflat flanges were provided on the top plate of the scattering663

chamber to bring signals or power in and out of the vacuum space of the scattering chamber.664

Pressure transducers were located on the target gas panel about 30 m from the target itself.665
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Pairs of temperature sensors were located at 5 positions in the loop. Going clockwise around666

the loop looking downstream (see Fig. 11), these were the pump outlet/heat exchanger667

inlet, the heat exchanger outlet/cell inlet, the cell outlet, the heater inlet, and the heater668

outlet/pump inlet.669

These temperature sensors (TS) were calibrated negative temperature coefficient thin-670

film 4K-100K Cernox CX 1070 SD 4D resistors (4K-100K) or CX1070 SD-4L (4K-325K),671

mounted on a G10 stalk affixed to a ten pin CeramTec 10236-02-CF feedthrough. The672

feedthrough was mounted to a standoff on the loop via a 3.4 cm mini-conflat seal. These673

seals are rated for 3.4 MPa, 2 kV, and 7 A per 1.57 mm diameter pin. Two resistors were674

mounted on each stalk for redundancy. A standard four wire connection was made for each675

TS to eliminate the resistance of the lead wires from the measurement. The stalk put the676

resistors well into the flow space of the loop. One of the five TS was accurate at room677

temperature, and was used to monitor the cooldown and warmup processes. It was situated678

in the top right corner of the loop (pump outlet) where it also indicated when the target679

was full at the end of a cooldown. This layout provided redundant thermometry across each680

major element of the loop: cell, heater, pump, and HX. The TS at the cell entrance was681

nominally used to control the target temperature; however, in principle, any of the other682

locations would serve this purpose equally well.683

In addition to the TS’s employed in the LH2 loop, three Cernox TS’s were used to684

monitor each of the two coolant circuits. In each case a TS monitored the coolant supply685

temperature before the Joule-Thompson (JT) valve, after the JT, as well as the coolant686

return.687

Besides the Cernox resistors, generally considered accurate to 20 mK, a number of un-688

calibrated, less accurate PT-103 platinum resistors were also employed at the horizontal689

motion motor, the dummy target frame in several locations, and the lifter plate.690

The 60V, 50A Sorenson high power heater power supply cable was brought to a Cera-691

maTec 18099-08-CF 4 pin, 500V, 46A/pin 3.4 MPa, 7 cm conflat feedthrough on the top692

plate of the scattering chamber. From there heavy gauge wire brought the power through the693

vacuum of the scattering chamber to a CeramTec 17069-08-CF 4 pin, 55 A 2.4 mm diameter694

pin, 10,000 V, 10.3 MPa feedthrough on a 7 cm conflat. Inside the loop, the connection to695

the four heater coils (designed to be arranged as two independent heaters in parallel) was696

made with a welded connection.697

There were three pump leads plus a dedicated ground. The vacuum feedthrough used was698

a 10094-09-CF700V, 7A/pin 3.4 MPa 10 pin feedthrough. The pump tachometer provided699

two signal lines.700

The horizontal motion Phytron stepping motor required five leads. The vacuum pen-701

etration for these was a ten pin, CermaTec 3.4 MPa 700V, 7 A per 1.6 mm diameter pin702

feedthrough. The leads connected directly to the motor. The two wires from the 24 V703

brake on the horizontal motion gear reducer shaft also used this feedthrough. Signals from704

the several limit switches associated with the horizontal motion system fed through one of705

several 35 pin vacuum feedthrough connectors on the top plate of the scattering chamber.706
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2.12. GUIs707

The target was controlled with a number of Graphical User Interfaces (GUIs). The708

main GUI is shown in Fig. 11 along with typical temperature, pressure, heater power, pump709

rotation frequency, coolant supply parameters, beam current, raster size, vacuum, as well as710

target selection and position vertically and horizontally. The parameters shown in Fig. 11711

represent conditions with 180 µA of 4 × 4 mm2 beam rastered on the LH2 target. All the712

parameter values shown in the GUI were color coded (green, yellow, red, white) to indicate713

whether they were (respectively) within a their pre-determined safe range, slightly outside714

the safe range, well outside their safe range, or if their readout had failed. In addition to715

the font color, an audible alarm sounded when any of these parameters was not within its716

safe range.717

From the main GUI all the secondary GUIs could be launched. These covered summaries718

of the temperature and pressure sensors, predetermined target position values, details of719

the IOCs, heater power, pump, ESR status, JT valve status, and safe beam current and720

size parameters for the LH2 target and each of the 24 solid targets, as well as the alarm721

handler system, and stripcharts for all of the most relevant parameters to monitor during722

the experiment.723

2.13. Solid Target System724

An extensive system of 24 solid targets was contained in an assembly (see Fig. 9) attached725

to the bottom of the LH2 target cell.726

These targets were arranged in three arrays. One array was composed of various combi-727

nations of foils in 2 rows and 3 columns at 5 (z) positions along the beam axis between the728

upstream (entrance) and downstream (exit) LH2 cell windows. The combinations of “optics729

targets” in this array were used to aid the development of vertex reconstruction algorithms.730

An second, upstream array of 12 targets arranged in 4 rows and 3 columns was situated731

at the same (z) location along the beam axis as the upstream window of the target cell.732

Likewise, a downstream array of 6 targets arranged in 2 rows and 3 columns was located733

at the z of the exit window of the LH2 cell. These two arrays were used for background734

subtraction of the upstream and downstream aluminum cell windows of the LH2 target.735

Different thickness aluminum background targets were provided in both the upstream and736

downstream matrices to get a handle on radiative corrections. Targets of pure aluminum,737

thick and thin carbon targets, and beryllium were also provided. Other targets in these738

arrays were used to measure the relative location of the beam and the target system using739

a BeO viewer, and thin aluminum targets with various size holes in their centers.740

These latter targets, in particular, were crucial to establishing the optimal horizontal741

and vertical position of the target system with respect to the beam. Thin aluminum “hole742

targets” with 2 mm × 2 mm square holes punched out of their centers were moved into the743

beam. The beam position was dithered typically in a 4 mm × 4 mm pattern at the target.744

The current in the dithering magnets was digitized so the beam position inside this pattern745

was known at any given point in time. Beam electrons which passed through the holes in746

these targets created no triggers in the experiment’s detectors. However, electrons which747

missed the hole could be scattered into the detectors, creating an event trigger and thus748
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Figure 9: The solid target ladder. There are four rows and 3 columns of upstream positions on the left of
the figure. Each of the 12 square openings visible on this (upstream) face of the 1.9 cm thick frame was
15 × 15 mm2. There are a further two rows and three positions of different patterns of five foils on the
bottom of the ladder. The two rows and three columns of downstream target positions are behind the frame
in the upper right of the figure.

a 2-dimensional profile of their position at the target using the dithering magnet currents.749

These profiles provided precise maps of the shadows left by the target hole relative to the750

dithered beam position such as shown in Fig. 10. By measuring the hole profiles at both751

the upstream and downstream z locations, the x, y, pitch, roll, and yaw of the extended752

target could be accurately determined. Offsets in x and y could be corrected in real time753

using the two-axis motion system, but due to the extended target length of the LH2 cell,754

pitch and yaw corrections were problematic. Indeed, the hole target measurements made755

after the initial cooldown of the target revealed an unexpected 4 mm pitch which occurred756

during cooldown. Prior to subsequent cooldowns, the target was pre-pitched in the opposite757

direction by this amount, and subsequent hole profiles revealed the cold pitching had been758

successfully corrected. The success of the target positioning achieved using the hole targets759

was confirmed after the experiment by inspection of the spots left by the beam on the target760

cell windows as well as the solid targets, which were in all cases within 1 mm of the center761

of each respective target.762

An extensive effort went into the design of the solid targets and their frames to opti-763

mize heat conduction in order to use as much beam current as possible for the background764

measurements, and to ensure that the acceptance associated with the background targets765

in the upstream frame was not obstructed by the optics targets or by the downstream tar-766
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Figure 10: Profile of the beam position on the hole target. The central area devoid of events represents the
2 mm × 2 mm hole in the target illuminated by a 4 mm × 4 mm dithered beam.

get frame. CFD simulations augmented analytical calculations which optimized the heat767

transfer between the center of each target where the beam heating occurred, and the cold768

reservoir of the LH2 cell.769

Each of the 18 (non-optics) targets in the upstream and downstream frames was 2.54 cm770

square, and was dropped into 2.71 cm square pockets machined just 1.3 cm deep in 1.9 cm771

thick aluminum frames. By providing a smaller 1.5 cm square opening only 0.6 mm deep772

in the opposite face of each pocket, 2/3 of the surface area of one face of each target was in773

thermal contact with the frame. The side of the frame with the larger pockets was threaded774

12.7 mm deep (1.25′′-12 UNF) to accept 31.8 mm diameter aluminum threaded pipe (22 mm775

i.d.) which pushed each target into its pocket against the lip at the boundary of the two776

different-sized squares. This lip provided the mechanical contact necessary for good heat777

conduction from each target to the frame. The heat transfer from the center of each target778

was studied using CFD simulations, and benchmarked against measured temperatures at779

various locations in the target ladder assembly as the beam current was raised on each780

target.781

3. Performance782

The equilibrium performance of the target with 183 µA of beam is summarized in Fig. 11.783

3.1. Cooling power budget784

The cooling power was measured with Cernox thermometers in the coolant flow at the785

inlet and outlet of the HX, downstream of the JT valves used to control the flow of each786
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Figure 11: A typical snapshot of the target control graphical user interface (GUI) during the experiment,
showing the coolant parameters as well as some of the instrumentation values around the hydrogen recircu-
lation loop.

supply. The 4K and 15K coolant massflows, supply and return pressures were measured787

from instrumentation at the JLab End Station Refrigerator (ESR). Typical conditions are788

summarized in Table 6. These correspond to a cooling power of 1486 W on the 15 K circuit,789

and 1739 W on the 4 K circuit, for a total cooling power of 3225 W.790

The other side of the ledger consists of the various heat loads on the target, which are791

summarized in Table 7 for conditions when there was 180 µA of beam on the target. The792

target pump was running at 29.4 Hz, producing a head of 10.5 m and a LH2 mass flow of793

1.23 kg/s.794

The beam power (see Eq. 6) of 2075 W accounts for the ionization energy deposited in795

the 34.5 cm long LH2 target determined for a 180 µA electron beam, accounting for the796

density effect. It uses the density ρ=71.8 kg/m3 at the operating conditions of the target797

(20 K, 32 psia). The power deposited by the beam in the thin aluminum windows of the798
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Property Value Units

4K Supply P 2.21 atm
4K Supply T 5.02 K
4K Return P 1.38 atm
4K Return T 20.31 K
4K Mass flow 16.6 g/s

4K ∆H 104.7 J/g
4K Cooling Power 1739 W

15K Supply P 12.1 atm
15K Supply T 14.8 K
15K Return P 3.09 K
15K Return T 20.31 K
15K Mass flow 40.5 g/s

15K ∆H 36.7 J/g
15K Cooling Power 1486 W

Total Cooling Power 3225 W

Table 6: Coolant properties obtained after the Moller polarimeter superconducting solenoid was offline for
several days. Therefore the parameters in the table reflect those for the LH2 target only. The HPH was 2200
W with the beam off, and 260 W with the beam on at 180 µA. P and T refer to pressure and temperature,
∆H refers to enthalpy change.

target cell ( 0.23 mm combined thickness) was only 23 W. The 177 W viscous heating (see799

Eq. 12) was determined from the measured pump head (10.5 m) and capacity (1.2 kg/s).800

The 40 W table heater, discussed in Sec. 2.7 kept the components of the motion system801

at room temperature. The heat loss associated with conductive and radiative losses to the802

outside environment were estimated from the amount of time (∼2 days) the target took to803

warm up to room temperature from 50 K once the coolant supplies were shut off. Together804

with the estimated cold mass (300 kg), and an average value for the heat capacity (366805

J/kg-K), the losses were Q = mCp∆T/time = 160 W. The 260 W average reserve heater806

power was maintained at all times to control the target temperature when the beam was on.807

The LH2 bypass heat load used to help cool the pump motor was discussed in Sec. 2.6.2.808

The pump heat load associated with the 1/4′′ hydrogen bypass discussed in Sec. 2.6.2 was809

determined from measurements of the heater power as the pump speed was varied. Since810

the target temperature was kept fixed at 20.00 K by a PID loop, the heater power changed811

automatically to compensate for the changes in the pump motor heat load and the viscous812

heating in the loop. The viscous heating can be calculated from the measured volume flow813

and pump head at each pump speed, so it can be subtracted from the observed changes814

in the heater power to arrive at the pump motor heat load. Typical results are shown in815

Fig. 12. They indicate the heat load from the pump motor at 30 Hz is about 150 W.816

To check this result, the ∆T across the pump was used to calculate the pump power.817

This method has a large uncertainty, because the changes in ∆T are only of order 10 mK.818
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Source Value

Beam Power in LH2 2075 W
Beam Power in Cell Windows 23 W

Viscous heating 177 W
Radiative losses 150 W

Table Heater 40 W
Pump Motor LH2 bypass 150 W

Reserve heater power 260 W

Total Heat Load 2875 W

Table 7: Target heat loads. Some were measured, others were estimated.

With that caveat, however, by averaging both the pump inlet and outlet temperatures the819

pump motor power obtained with this more uncertain method was also about 150 W at 30820

Hz.821

The estimated total cooling power presented in Table 6 is within 350 W of the estimate822

shown in Table 7 for the heat loads associated with the target. Some of the entries in these823

tables were estimated. Massflows, in particular, are not considered very reliable, so the824

≈ 10% agreement between the cooling power and heat load totals is reasonable.825

3.2. Mass Flow Measurements826

The LH2 mass flow was determined by measuring the temperature difference ∆T across827

the heater. The target loop was designed with this measurement in mind, so pairs of828

thermometers were situated on opposite sides of the heater (as well as before and after the829

heat exchanger, and after the cell). The mass flow ṁ can be derived from the relationship830

ṁ(kg/s) =
Q(W)

Cp(J/kg-K) ∆T (K)
. (14)

The specific heat of LH2 at 20 K and 221 kPa is 9425 J/kg-K (note that CP ≈ 5.2 J/g-K831

for helium in our thermodynamic range). The heater power Q was determined from the832

output current and voltage of the heater power supply, which is assumed known to 10%.833

The thermometry consisted of negative temperature coefficient thin-film zirconium oxy-834

nitride semiconductor diodes (Cernox resistors [28]). The stability of the Cernox resistor835

temperature measurements is 0.08% [29], and dominates the uncertainty in the mass flow836

measurement. To eliminate potential offsets in the temperature and power measurements,837

the mass flow was determined from the difference of measurements obtained at two different838

power levels (Q1=2261 W and Q2=274 W) via839

ṁ =
Q1 −Q2

Cp (T in
1 − T out

1 − T in
2 + T out

2 )
, (15)

where the superscripts in and out denote temperature measurements before and after the840

heater. The temperature factor in parentheses in Eq. 15 amounted to only 170 mK. The841
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Figure 12: Measurements of the heat load associated with the pump as a function of the pump speed.
The blue circles (fit: dotted line) are the high-power heater (HPH) power measured with 180 µA of beam
current rastered 4 × 4 mm2 on the target as the pump speed was varied. The green squares (fit: dashed
line) are the viscous heat load calculated from the measured pump head and linearly-scaled mass flow at
each pump speed. The red diamonds (fit: solid line) represent the sum of the heater power plus the viscous
heat load. Finally, the purple stars (fit: dashed-dotted line) are subtracted from the intercept of the latter
curve, yielding the pump heat-load without the effect of viscous heating. At the operational frequency of
30 Hz, the pump heat load was about 150 W.

mass flow determined from the average of many such measurements was 1.2±0.3 kg/s. The842

volume flow corresponding to the LH2 density of 71.3 kg/m3 was 17.4 ± 3.8 liters/s. The843

pump speed during these measurements was approximately 29.4 Hz.844

3.3. Pump Head845

The head was directly measured to be 7.6 kPa at the nominal pump speed of 30 Hz846

using a differential pressure gauge across the hydrogen supply and return lines. These lines847

connected to the target loop on opposite sides of the hydrogen pump. An Orange Research848

1516-S1073 0-5 psid differential pressure gauge provided an analog readout of the pump head849

at the target gas panel.850

An Omega Engineering PX771A-300WCDI differential pressure transducer provided an851

output that was digitized and monitored during the experiment. In addition, the electron852

beam was automatically shut off if the pump head dropped below a preset threshold. This853

protection was put in place due to the concern that in the event the hydrogen pump tripped854

off, the convective cooling at the windows of the target cell could be insufficient to prevent855

the beam from eventually melting through the windows, even though the power deposited856

by the 180 µA beam in the 0.127 mm thick cell exit window was only 13 W.857
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3.4. Bulk Density Reduction858

Bulk density reduction characterizes the dynamic equilibrium density reduction (effective859

thickness) of the target due to heating of the LH2 by the beam in the interaction region.860

Localized heating can form bubbles of hydrogen vapor in the beam interaction region. Non-861

localized heating of the LH2 can also contribute. A good rule-of-thumb is that a 1 K862

increase in the average temperature (near our operating conditions) corresponds to a density863

reduction ∆ρ/ρ ∼ 1.5%. This effect increases the running time required to reach a given864

statistical goal for an experiment.865

Consistent measurements of the bulk density reduction were difficult to obtain over the866

large range of beam currents used in this experiment. Detector and BCM non-linearity, as867

well as pedestal shifts, contributed to this difficulty, especially below 50 µA. Results were868

obtained parasitically during BCM calibrations in which the beam current was raised and869

then lowered in ∼ 20µA, 1-minute-long steps between 20−180µA alternated with 1-minute-870

long beam-off periods, shown in Fig. 13. These provided an estimate for the bulk boiling of871

0.8%± 0.8% per 180 µA- the 100% uncertainty accounts for the inconsistencies.872
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Figure 13: The charge-normalized detector yield (red circles) in arbitrary units measured at different beam
currents during a beam current calibration. The beam current monitors were linear above about 50 µA,
where the slope could be fit (solid blue line) to characterize the density reduction as the beam current was
raised. From the fit the relative change in yield between 0 and 180 µA is 0.8%.

To check this result, detailed CFD simulations were performed, which were first bench-873

marked using the G0 target [5] geometry. The simulations predicted the G0 target density874

reduction should be 1.1 ± 0.2% over 40 µA. The measured result reported in Ref. [5] was875

1.0 ± 0.2% at 40 µA, in excellent agreement with the CFD simulation. Therefore the bulk876

density reduction of the Qweak target (and its uncertainty) was taken as the CFD prediction877

using the Qweak target geometry: 0.8%± 0.2% at 180 µA.878
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3.5. Transient density changes879

Transient changes in density occur in response to a loss of incident beam when an accel-880

erating cavity trips off, for example. These trips occurred typically 5 times per hour. The881

proportional-differential-integral (PID) feedback loop that constantly adjusted the resistive882

heater to maintain the target temperature at 20.00 K raised the heater power to compensate883

for the loss of heating from the beam, and reduced the heater power when the beam returned.884

Over 2 kW were shuffled between the beam and the heater when the beam tripped off from885

180 µA. To improve the target temperature response to such a large change in conditions,886

the PID feedback also looked at the beam current, and increased the PID heater power step887

size when big changes were observed in the beam current.888

The temperature response to a typical beam trip (174 µA, pump at 30 Hz, raster 4× 4889

mm2) is shown in Fig. 14. The maximum temperature excursion reached when the beam890

was fully restored was about 80 mK. The magnitude of this excursion dropped to 30 mK891

within about 20 s of full beam restoration, and took another 120 s to completely subside. The892

temperature excursion was about 160 mK when the beam tripped off, but this is irrelevant of893

course since without beam, no data were recorded. In fact the event analysis only occurred894

when the beam current was above a threshold (typically 130 µA) close to the nominal895

operating current at the time. These small beam-trip temperature excursions were slow896

compared to the helicity reversal frequency, so they contributed only marginally to the897

asymmetry width and were not considered a problem beyond the loss of data-taking efficiency898

they represented.899

4. Target Noise900

Density fluctuations in the LH2 that take place near the beam helicity reversal frequency901

(960 Hz) are called target noise, or more loosely, target boiling. This phenomenon can be902

clearly seen in the variation of the (charge-normalized) detected scattered electron yield903

with time. In Fig. 15 the time-dependence of these yields is plotted at two different rotation904

frequencies of the liquid hydrogen pump, in other words, at two different average LH2 flow905

velocities in the interaction region. At the higher flow velocity used during normal operation906

of the target in Fig. 15, boiling is reduced relative to the lower velocity used in Fig. 15 which907

moved the LH2 more slowly across the beam axis, allowing it to warm up more. The brief908

∼ 0.1 s, ∼ 2% drops in the 12 Hz yield visible in Fig. 15 are associated with density909

fluctuations forming along the path of the electron beam in the liquid hydrogen.910

The following sections describe several independent methods used to measure the target911

noise ∆A tgt , which all yield consistent results. We nominally change one independent912

variable at a time (beam current, LH2 recirculation pump speed, beam raster size, etc.) and913

observe the change in the dependent variable ∆A qrt , the asymmetry width measured over914

helicity quartets. The latter is assumed to be comprised of the sum in quadrature of a fixed915

component and the target noise contribution ∆A tgt.916

4.1. Current scan917

The most difficult method used to determine the target noise ∆A tgt involves changing918

the beam current, because of course both the statistics and the Beam Current Monitor919
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Figure 14: Target temperature (solid blue line, right axis) response to a sudden trip in the beam current
(dashed red line, left axis) as a function of time. The damped temperature oscillation settles out to within
30 mK of the 20.0 K goal temperature (black dash-dot line) within about 20 s of full beam restoration to
174 µA.

(BCM) resolution also depend on beam current. We model the beam current dependence of920

the measured helicity-quartet detector asymmetry width as follows:921

∆A qrt =

√(
a√
I

)2

+

(
b

I

)2

+ (cIe)2 + d2

=

√
(∆A stat)

2 + (∆ABCM)2 + (∆A tgt)
2 + (∆A excess)

2. (16)

The coefficients a, b, c, and d represent the counting statistics, BCM noise, target922

noise, and other fixed (current-independent) excess contributions, respectively, to the quar-923

tet asymmetry width ∆A qrt. The functional form of Eq. 16 reflects the usual 1/
√
N counting924

statistics, BCM noise inversely proportional to beam current, and through the additional925

parameter e the unknown exponent governing the dependence of target noise on beam cur-926

rent. The five parameters were determined by fitting the measured ∆A qrt at eight different927

beam currents I from 50-169 µA. The measurements were performed with the LH2 recircu-928

lation pump speed fixed at 30 Hz and the raster dimensions fixed at 3.5 × 3.5 mm2 at the929

target. Note however that for most of the experiment, the raster dimensions at the target930

were 4.0× 4.0 mm2.931

The ∆A qrt measurements and the five-parameter fit are shown in Fig. 16, along with the932

target noise term ∆A tgt extracted from Eq. 16. The coefficient of determination (R2) of the933
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Figure 15: Behavior of the charge-normalized detector yield over 10 seconds for data acquired at the nominal
28.5 Hz LH2 pump speed (solid blue line) and at 12 Hz (dotted red line). At the nominal 28.5 Hz rotation
frequency of the LH2 recirculation pump, the detected scattered electron yield is reasonably constant with
time. At the lowered pump rotation frequency of 12 Hz, the effects of target noise (density fluctuations)
appear as significant drops in detected yield (as much as ≈ 3%) with time. The beam current and raster
size were the same for each of the two plots in this figure (180 µA, 4× 4 mm2).

fit is 1.00. The fit coefficients are a = 2996.5, b = 5995, c = 5.49 × 10−5, and d = 125.47934

ppm with I in µA. The fitted exponent e is 2.715. Reasonable fits can also be obtained with935

e = 2 or 3. Extrapolating the fit to 180 µA, the statistical width ∆A stat is 233 ppm, and936

the BCM noise ∆ABCM = b/I = 33 ppm is reasonably similar to the ∼ 40 ppm determined937

independently from the BCM double difference method described in Ref. [1]. The target938

noise component ∆A tgt = cIe = 73.1 ppm at 180 µA, 30 Hz (pump), and 3.5 × 3.5 mm2
939

(raster). Scaled quadratically (using the results obtained in Sec. 4.2) to the 4.0× 4.0 mm2
940

raster area used for most of the Qweak measurement, the predicted 30 Hz, 180 µA target941

noise would be ∆A tgt = 56 ppm.942

4.2. Raster scan943

The nominally 250 µm diameter incident electron beam was rastered (dithered) in both944

the horizontal and vertical directions to reduce the power density at the target. The raster945

[1] consisted of 2 pairs of air-core coils, (two horizontal, and two vertical), which produced946

paraxial displacements of the beam up to 5 × 5 mm2. The raster magnets were driven at947

≈ 25 kHz, with 960 Hz difference between the x & y excitations so the raster completed one948

full pattern every 960 Hz helicity window. Increasing the area of the beam at the target949

reduces boiling associated with the beam’s ionization energy loss in the aluminum entrance950
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Figure 16: The detector asymmetry width ∆A qrt measured over helicity quartets at different incident beam
currents (blue circles, left axis) with the LH2 recirculation pump at 30 Hz, and a 3.5× 3.5 mm2 raster. The
dashed blue line is a fit to these data using Eq. 16. The target noise term ∆A tgt extracted in quadrature
from the fit at each beam current is shown as the red squares (right axis), along with the fit representing
that term (solid red line).

and exit windows as well as the temperature rise in the LH2 in the interaction volume. The951

raster size thus presents another knob which can be turned to determine the target noise952

∆A tgt, independently of the beam current.953

In contrast to the beam current scans discussed in Sec. 4.1, raster scans are not affected954

by changing counting statistics or BCM resolution. However, eventually at large enough955

raster areas second-order effects can arise due increased beam halo and corresponding beam956

scraping on collimators and flanges. Smaller raster areas can become dangerous since even-957

tually the aluminum target cell windows could melt. For the scans presented in Fig. 17,958

raster dimensions between 3 and 5 mm were studied at 2 different beam currents. The mea-959

sured helicity-quartet asymmetry width ∆A qrt at each raster area was assumed to consist960

of the quadrature sum of a fixed term and the target noise term ∆A tgt which was assumed961

to be inversely proportional to the raster area:962

∆A qrt =

√
a2 +

(
b

Area

)2

, (17)

where Area represents the area of the nominally square raster on the face of the target.963
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The fits shown in Fig.17 made use of Eq. 17. The fit parameters are a = 268.5 ppm,964

b = 673.8 ppm-mm2 for the 169 µA data, and a = 224.9 ppm, b = 826.6 ppm-mm2 for the965

182 µA data. The coefficient of determination (R2) for each fit is 0.95 and 0.99, respectively.966

Extracting the target noise term ∆A tgt = b/Area using Eq. 17 at the nominal 4 × 4 mm2
967

raster area used for most of the experiment, we obtain 42.1 ppm at 169 µA and 51.7 ppm at968

182 µA. Scaling the 169 µA target noise result to 182 µA using the the exponent e = 2.715969

determined in the previous section (Sec.4.1) which established the dependence of ∆A tgt on970

beam current, the 42.1 ppm grows to 51.5 ppm, in good agreement with the measured result971

at 182 µA of 51.7 ppm.972

4.3. Pump speed scan973

The cleanest way to measure the target noise contribution is to vary the LH2 recirculation974

pump speed, because nothing else changes except the target noise term. As before, we975

characterize the measured quartet asymmetry widths ∆A qrt as the sum in quadrature of a976

fixed term independent of the pump speed, and a target noise term term ∆A tgt inversely977

proportional to the pump speed f .978

A qrt =

√
a2 +

(
b

f

)2

. (18)

In Fig. 18 we compare asymmetry width measurements made with three different raster979

configurations of similar area, but different horizontal and vertical (x & y) dimensions: 4×4980

mm2, 5× 3 mm2, and 3× 5 mm2. The fits return (a, b, R2) of (231.4, 1351.5, 0.98), (231.3,981

1385.7, 0.99), and (229.4, 1570.3, 0.99) respectively. Note that the fixed term, a, returned982

from the fits is about the same for each raster configuration. The 4×4 and 5×3 mm2 results983

shown in Fig. 18 look very similar, indicating that increasing the raster x-dimension from984

4 to 5 mm in the direction of the LH2 flow across the beam axis didn’t negatively impact985

the target boiling. Moreover, the decrease of the raster height in the vertical direction from986

4 to 3 mm didn’t make much difference either. However, decreasing the raster x-dimension987

from 4 to 3 mm in the flow direction did have a detrimental effect on the target noise, even988

though the vertical raster dimension increased to 5 mm. This indicates that the canonical989

4 mm raster x-dimension is about optimal for target noise in the Qweak target, and changes990

in the vertical dimension about 4 mm are unimportant at the 1-mm-scale. The extracted991

target noise at each of these three raster configurations is scaled to a common raster size of992

16 mm2, pump speed of 28.5 Hz, and beam current of 180 µA in Table 8.993

4.3.1. Temperature dependence994

Here we explore how the target noise ∆A tgt is affected by what operating temperature995

the LH2 target is held at. Eq. 14 says that the cooling power is proportional to ∆T , the996

difference between the coolant supply and return temperatures. According to Table 6, the997

“15 K” supply temperature was 14.8 K, and the return temperature was of course close to998

the LH2 operating temperature. So for the 15 K component of the cooling power, ∆T varies999

from about 4.2 K for a target maintained at a LH2 temperature of 19 K, to a ∆T ≈ 7.2 K1000
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Figure 17: Upper: The detector asymmetry width ∆A qrt measured over helicity quartets at 169 µA (blue
circles and dashed line ) and 182 µA (red squares and solid line) as a function of raster size at the target
with the LH2 recirculation pump at 30 Hz. Fits to these data using Eq. 17 are shown for each beam energy.
Lower: The target noise term ∆A tgt extracted in quadrature from the data in the upper figure at 169 µA
(blue circles) and 182 µA (red squares) as a function of raster size at the target with the LH2 recirculation
pump at 30 Hz. Fits to these data are shown for each beam energy.

for a target held at 22 K, a factor of 1.7 improvement in cooling power. The impact on the1001

4 K cooling power is only a factor of 1.2. However it’s clear that maintaining enough cooling1002

power for these temperature studies is more challenging at 19 K than at 22 K.1003

Although the cooling power improves with higher target operating temperature, the1004
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Figure 18: Upper: The detector asymmetry width ∆A qrt measured at 170 µA over helicity quartets with
(x, y) raster dimensions of 4×4 mm2 (blue circles), 5×3 mm2 (red squares), and 3×5 mm2 (green triangles)
as a function of the LH2 recirculation pump speed. Fits to these data using Eq. 18 are shown for each raster
dimension as solid, dashed, and dotted lines in the corresponding color, respectively. Lower: The target
noise term ∆A tgt extracted in quadrature from the ∆A qrt data in the upper figure with the same symbols
and line types used in the upper figure.

target noise gets worse as the temperature of the LH2 target rises closer to its boiling point.1005

At the typical LH2 operating pressure of 220 kPa, the target is 3.2 K sub-cooled at an1006

operating temperature of 20 K, but only 1.2 K sub-cooled at 22 K.1007

To explore how the target noise is affected by different LH2 operating temperatures,1008

pump scans were performed at 19, 20, 21, and 22 K. The measured asymmetry widths and1009

extracted target noise results are shown in Fig. 19. The fits presented in this figure were1010

performed using Eq. 18.1011

In Fig. 20 the results for the target noise ∆A tgt are shown as a function of the LH21012

operating temperature T (LH2) for the nominal pump speed of 28.5 Hz. The 2-parameter1013

45



10 15 20 25 30 35
Pump Speed (Hz)

200

225

250

275

300

325

350

M
ea

su
re

d 
De

te
ct

or
 

A q
rt 

(p
pm

)

19K Aqrt
20K Aqrt
21K Aqrt
22K Aqrt

10 15 20 25 30 35
Pump Speed (Hz)

0

50

100

150

200

250

300

Ta
rg

et
 N

oi
se

 
A t

gt
 (p

pm
) 19K Target Noise A tgt

20K Target Noise A tgt
21K Target Noise A tgt
22K Target Noise A tgt

Figure 19: Upper: The detector asymmetry width ∆A qrt measured at 180 µA over helicity quartets as
a function of the LH2 pump recirculation speed with the LH2 temperature at 19 K (blue circles), 20 K
(green squares), 21 K (red downward-pointing triangles) and 22 K (magenta upward-pointing triangles).
Fits to these data using Eq. 18 are shown for each target operating temperature as solid, dashed, dotted and
dash-dotted lines in the corresponding colors. Lower: The target noise term ∆A tgt extracted in quadrature
from the data in the upper figure with the same symbols and line types used in the upper figure.

fit to these four temperatures was performed using1014

σtgt = a ∗ exp [b ∗ T (LH2)]. (19)

The fit parameters were a = 0.0140, b = 0.4133, and R2 = 0.998.1015

The 23.2 K boiling point used to determine the amount of sub-cooling is calculated from1016

the vapor-pressure curve at the approximate 220 kPa operating pressure of the target. Since1017

for safety reasons the target’s LH2 re-circulation loop was always connected (through open1018

valves) to H2 storage tanks outside the experimental hall, the operating pressure could rise1019

and fall a dozen kPa with the outside temperature according to the ideal gas law. As a1020
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result the boiling point and the amount of sub-cooling also varied by about ±0.3 K.1021

Fig.’s 19 and 20 clearly show that target noise at the nominal 28.5 Hz pump speed could1022

have been reduced from 54 ppm to 38 ppm by lowering the LH2 operating temperature from1023

20 K to 19 K. This would still have been safely above the ∼ 14 K at which H2 freezes.1024

However as discussed above, the impact on the limited resources of the ESR would have made1025

it difficult to run with the same luminosity at 19 K. If the same level of cooling power could1026

have been sustained at the reduced ∆T associated with an operating temperature of 19 K,1027

the amount of data needed to achieve the same 0.0073 ppm statistical uncertainty ∆A(stat)1028

obtained at 20 K [4] would have been reduced only 3% according to Eq. 2. Accordingly, the1029

compromise made for this experiment was to operate the target at 20 K and 180 µA.1030

On the other end of the scale, the target noise was much worse (126 ppm) at the higher1031

operating temperature of 22 K than it was at 20 K (54 ppm). Considering that at 22 K1032

there was a margin of only 1.2 K before the target would boil it’s surprising the results1033

were not worse. More surprising still is that the target could have been operated only 1.2 K1034

sub-cooled with the full 179 µA of beam, even though the beam contributes about 2/3 of1035

the nearly 3 kW total heat load seen by the LH2. From Eq. 2 we see that the penalty for1036

doing so would have been having to acquire an additional 25% more data to reach the same1037

7.3 ppb statistical uncertainty that was achieved in the experiment at 20 K.1038
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Figure 20: The target noise (blue circles) determined at a pump speed of 28.5 Hz and 179 µA as a function
of the LH2 operating temperature (lower axis) or the amount of sub-cooling (upper axis). A fit to these
data using Eq. 19 is shown by the red line.

4.4. Summary of target boiling noise results1039

All the target noise measurements discussed above are tabulated in Table 8. The average1040

of all the 20 K results scaled to 179 µA, 4 × 4 mm2 raster, and 28.5 Hz pump speed (but1041

excluding the 3 × 5 result which has more noise for a known reason- see the beginning of1042
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Sec. 4.3.1), is 53.1 ppm. The standard deviation is 2.5 K, which we adopt as the uncertainty1043

in the target noise determinations from all the different techniques discussed in this section.1044

The fact that several independent techniques employed to determine the target noise all give1045

consistent results within this uncertainty provides great confidence in this result, and in the1046

trends observed in the measurements.1047

Fit Scaled
Scan Ibeam Raster Pump T (LH2) Noise Noise
Type (µA) (mm2) (Hz) (K) (ppm) (ppm)

Current 179 3.5× 3.5 28.5 20 73.1 55.1

Raster 180 4× 4 28.5 20 51.7 50.9
Raster 169 4× 4 28.5 20 42.1 49.2

Pump 169 4× 4 28.5 20 47.4 55.4
Pump 169 5× 3 28.5 20 48.6 53.3
Pump 169 3× 5 28.5 20 55.1 (60.4)

Pump 179 4× 4 28.5 19 38.2 -
Pump 179 4× 4 28.5 20 53.7 54.5
Pump 179 4× 4 28.5 21 80.8 -
Pump 179 4× 4 28.5 22 125.6 -

Table 8: Helicity-quartet target noise determinations using various methods. For each method, the beam
current, raster size, and pump speed are tabulated. The last column indicates the target noise ∆A tgt scaled
to a common set of running conditions: 179 µA, 4× 4 mm2 raster area, and 28.5 Hz pump speed.

4.5. Noise dependence on helicity reversal1048

The scattered electron yield measured in the experiment’s detectors was examined in the1049

frequency domain using a fast Fourier transform (FFT). Under typical conditions with the1050

LH2 target, the spectrum was relatively flat except for frequencies below about 50 Hz, where1051

microphonics and sub-harmonics of the 60 Hz line frequency contribute. Spectra taken at1052

lower beam currents or with solid targets were completely flat; hence they did not show any1053

rise below 50 Hz.1054

To mitigate these low frequency noise contributions in the experiment, the beam helicity1055

reversal rate was increased from the 30 Hz typically used at JLab to 960 Hz for the Qweak1056

experiment. In practice this means that the helicity state of + or − was selected every1057

1/960 s by switching the polarity of the Pockels cell high voltage in the polarized source. A1058

settling time of 70 µs was lost each helicity reversal for the 2.5 kV Pockels cell voltage to1059

stabilize, and another 40 µs delay for ADC gates in the data acquisition electronics. This1060

means that the expected improvements in the asymmetry width from faster helicity reversal1061

rates are partially offset by the 110 µs lost every 1041.65 µs-long helicity state.1062

A test was performed during the Qweak experiment to explore this further by acquiring1063

a small amount of data with a helicity reversal rate ν = 480 Hz instead of the canonical1064
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960 Hz. The results from the test are shown in Fig. 21. The helicity-quartet asymmetry1065

width ∆A qrt is much smaller at ν = 480 Hz (178.6 ppm) than it is for the nominal ν = 9601066

Hz rate (237.0 ppm), a consequence of the better statistics at the slower helicity reversal1067

rate. However, to gauge the impact on the statistical width of the asymmetry ∆APV the1068

experiment aims to measure, one must account for the fact that there are twice as many1069

helicity quartets at 960 Hz than at 480 Hz (see Eq. 2). Accordingly, Fig. 21 also shows the1070

ν = 480 Hz result multiplied by
√
2, where even at the canonical 28.5 Hz pump speed, ∆APV1071

would be about 6.6% larger than the ν = 960 Hz result. The advantage of faster helicity1072

reversal rates is made clear by this figure. It’s also clear from the steeper slope of the 4801073

Hz ∆A qrt results that target noise plays a much bigger role at lower helicity reversal rates.1074

Not only is the ν = 480 target noise ∆A tgt larger than it is at the higher helicity reversal1075

rate, the ν = 480 statistical width in each quartet is smaller. The relative contribution of1076

the target noise ∆A tgt at ν = 480 is thus much larger, as highlighted by Fig. 21.1077

In the introduction of this article (see Sec. 1.1), we pointed out that the reason target1078

noise is so important for an experiment like Qweak that sits at the precision frontier is that1079

it increases the time required to achieve a given precision. Equivalently, the target noise1080

∆A tgt increases the experiment’s statistical precision ∆APV which is proportional to ∆A qrt1081

/
√
Nqrt. So now at the end of this article we evaluate the impact of each of these two1082

helicity reversal rates on the time it takes for the experiment to achieve its precision goal.1083

The results are presented in Table 9. These results are drawn from the analyses shown in1084

Fig. 18 using the 28.5 Hz pump-speed data. The table clearly shows the impact that target1085

noise has on the experiment’s precision, in terms of the additional time required to achieve1086

a given precision for each helicity-reversal rate ν. At the canonical ν = 960 Hz the target1087

noise penalty is only 5%, but at the ν = 480 Hz rate it rises to 15%, emphasizing the benefit1088

of faster helicity reversal and less target noise in general on the precision an experiment like1089

Qweak can achieve.1090

Helicity
Reversal Measured Extracted Deduced Time
Frequency ∆A qrt ∆A tgt Anotgt

qrt Penalty

ν (Hz) (ppm) (ppm) (ppm)
(

A qrt

Anotgt
qrt

)2

960 237.0 52.6 231.1 1.05

480
√
2× 178.6 91.4 235.4 1.15

Table 9: Time penalties incurred from the target noise analysis presented in Fig. 18. All entries correspond
to a recirculation pump speed of 28.5 Hz. The first column denotes the helicity-reversal frequencies ν used
for the measured helicity-quartet asymmetry widths ∆A qrt in column 2. The ∆A qrt for ν = 480 Hz is
corrected for the fact that there are half as many quartets Nqrt at 480 Hz as there are at 960 Hz. The target
noise ∆A tgt in the 3rd column is subtracted in quadrature from the ∆A qrt in the second column to deduce
what the measured ∆A qrt would have been without any target noise. The last column takes the square of
the ratio of the ∆A qrt with and without the target noise term to obtain the time-penalty associated with
each helicity-reversal frequency.
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Figure 21: Upper: The detector asymmetry width measured over helicity quartets ∆A qrt at 170 µA with a
4×4 mm2 raster area, as a function of the LH2 pump recirculation speed with the helicity reversal frequency
in the polarized source at the nominal 960 Hz (red squares) and adjusted to 480 Hz (blue circles). Since the
overall statistical width ∆APV of the experiment’s asymmetry depends on the quartet asymmetry width
∆A qrt divided by

√
Nqrt, the dotted green curve

√
2∆A qrt(480) is what should be compared to ∆A qrt(960).

Fits to these data are shown for each helicity reversal frequency as solid or dashed lines in the corresponding
colors. Lower: The target noise ∆A tgt extracted in quadrature from the ∆A qrt data in the upper figure
with the same symbols and line types used in the upper figure.

5. Summary1091

A high-power liquid hydrogen target was built for the Qweak experiment at Jefferson Lab1092

to obtain the first measurement of the proton’s weak charge, and to set limits on physics1093

beyond the standard model of particle physics. The target was the highest power target used1094

so far in an electron scattering experiment, and the first at Jefferson Lab (and anywhere else1095

we are aware of) to employ CFD in its design. The total heat load of the target was about1096

3 kW, of which 2.1 kW came from beam heating in the LH2. It employed a custom-made1097
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centrifugal LH2 recirculation pump, a novel hybrid heat-exchanger employing separate 4 K1098

and 15 K supplies of helium coolant, a resistive wire heater, and a conical transverse-flow1099

target cell with thin aluminum windows. It also featured a 2-axis target motion system that1100

provided 24 different solid target options.1101

Consistent results for the target boiling noise were obtained using a variety of indepen-1102

dent techniques, by varying the incident beam current, the overall raster area, the width and1103

height of the rectangular raster, the recirculation pump speed, the LH2 operating tempera-1104

ture, and the helicity reversal frequency. The target was well suited for the studies reported1105

in this article, because the statistical noise in each helicity-quartet asymmetry width mea-1106

surement was only about four times larger than the target boiling (noise) term. The average1107

target noise was 53.1± 2.5 ppm for typical beam current, raster size, and LH2 recirculation1108

pump rotation of 179 µA, 4 × 4 mm2, and 28.5 Hz. Ultimately the contribution of the1109

target noise ∆A tgt to the final asymmetry result APV and uncertainty ∆APV obtained in1110

the experiment was negligible.1111
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Figure Captions1186

1. A schematic showing the components of the Qweak target. A: The beam interaction1187

cell (pitched 90◦ in this figure in order to illustrate the flow pattern), B: the resistive1188

heater, C: the centrifugal LH2 re-circulation pump, D: the hybrid heat exchanger, E:1189

the solid target ladder, which was mounted directly below the cell, and F: the long1190

thin SS pipe which thermally isolated and mechanically supported the target loop, as1191

well as the manual cell adjustment mechanism at its lower end.1192

2. Flow velocity predictions from CFD models for a longitudinal, G0-like cell design with1193

an offset flow diverter (left) and a transverse, conical cell design (right). The beam is1194

incident from the left for the G0-like cell. The LH2 flow is coaxial, entering from the1195

left inside the perforated flow diverter and exiting the cell at larger diameters outside1196

the flow diverter also on the left. For the transverse cell, the beam is incident from the1197

bottom and the LH2 flow enters the cell from the right and exits the cell on the left.1198

The input manifold directs part of the LH2 flow at the entrance and exit windows.1199

The remainder is directed across the beam axis.1200

3. CAD depiction of the LH2 cell, showing the beam and scattered electron LH2 volume1201

(solid yellow) inside a wire frame of the cylindrical aluminum alloy cell. The LH2 exit1202

manifold is denoted in orange on the left of the figure. The LH2 flow is directed across1203

the beam axis by the four sections of the LH2 input manifold on the right. The inside1204

of the conical cell looking upstream is shown in the inset photo in the lower left. The1205

LH2 flow is from right to left in both depictions. The incident electron beam is from1206

the upper right to the lower left along the central axis of the yellow conical LH2 volume1207

in the CAD diagram.1208

4. A photo of the downstream face of the LH2 target cell window after about 6 months1209

exposure to 140 µA beam, looking upstream from downstream at the vacuum side1210

of the window. The discoloration pattern left by the 4 × 4 mm2 rastered beam spot1211

is clearly visible in this photo, indicating that the beam was well centered on the1212

thin nipple of the 190.5 mm diameter convex exit window machined from a 305 mm1213

diameter flange. The inset in the lower right shows a closeup of the central 0.127 mm1214

thick, 15 mm diameter nipple with the 4× 4 mm2 spot left by the beam clearly visible1215

and well centered. No corresponding spot was made on the opposite (LH2) face of the1216

window.1217

5. Schematic showing the unique configuration of the End Station Refrigerator (ESR) for1218

the Qweak target, taking advantage of both 4K and 15K coolant supplies and reducing1219

wasted enthalpy with a novel recovery heat exchanger.1220

6. Basic CAD depiction of the hybrid 3 kW heat exchanger. The finned copper-tubing1221

was wound along a cylindrical mandrel which diverted the LH2 flow through the two1222

4 K and one 15 K parallel circuits in three sections of alternating radius.1223

7. The upper figure shows a photo of the four-layer concentric heater wound onto a1224

crossed G10 frame before insertion into a dedicated 3” diameter spool piece. LH21225

flowed along the axis of the NiCr-A windings as evident in the lower figure.1226

8. (Upper) The pump is shown being tested in a water bath. The 1 hp pump motor is on1227

top. The pump volute is below the motor, with the suction side submerged. (Lower)1228
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The impeller used for the centrifugal LH2 circulation pump is shown. The impeller1229

radius was 7 cm, the height was 6.5 cm, and there were 12 blades.1230

9. The solid target ladder. There are four rows and 3 columns of upstream positions on1231

the left of the figure. Each of the 12 square openings visible on this (upstream) face1232

of the 1.9 cm thick frame was 15 × 15 mm2. There are a further two rows and three1233

positions of different patterns of five foils on the bottom of the ladder. The two rows1234

and three columns of downstream target positions are behind the frame in the upper1235

right of the figure.1236

10. Profile of the beam position on the hole target. The central area devoid of events1237

represents the 2 mm x 2 mm hole in the target illuminated by a 4 mm x 4 mm1238

dithered beam.1239

11. A typical snapshot of the target control graphical user interface (GUI) during the1240

experiment, showing the coolant parameters as well as some of the instrumentation1241

values around the hydrogen recirculation loop.1242

12. Measurements of the heat load associated with the pump as a function of the pump1243

speed. The blue circles (fit: dotted line) are the high-power heater (HPH) power1244

measured with 180 µA of beam current rastered 4 × 4 mm2 on the target as the1245

pump speed was varied. The green squares (fit: dashed line) are the viscous heat load1246

calculated from the measured pump head and linearly-scaled mass flow at each pump1247

speed. The red diamonds (fit: solid line) represent the sum of the heater power plus1248

the viscous heat load. Finally, the purple stars (fit: dashed-dotted line) are subtracted1249

from the intercept of the latter curve, yielding the pump heat-load without the effect1250

of viscous heating. At the operational frequency of 30 Hz, the pump heat load was1251

about 150 W.1252

13. The charge-normalized detector yield (red circles) in arbitrary units measured at dif-1253

ferent beam currents during a beam current calibration. The beam current monitors1254

were linear above about 50 µA, where the slope could be fit (solid blue line) to charac-1255

terize the density reduction as the beam current was raised. From the fit the relative1256

change in yield between 0 and 180 µA is 0.8%.1257

14. Target temperature (solid blue line, right axis) response to a sudden trip in the beam1258

current (dashed red line, left axis) as a function of time. The damped temperature1259

oscillation settles out to within 30 mK of the 20.0 K goal temperature (black dash-dot1260

line) within about 20 s of full beam restoration to 174 µA.1261

15. Behavior of the charge-normalized detector yield over 10 seconds for data acquired1262

at the nominal 28.5 Hz LH2 pump speed (solid blue line) and at 12 Hz (dotted red1263

line). At the nominal 28.5 Hz rotation frequency of the LH2 recirculation pump, the1264

detected scattered electron yield is reasonably constant with time. At the lowered1265

pump rotation frequency of 12 Hz, the effects of target noise (density fluctuations)1266

appear as significant drops in detected yield (as much as ≈ 3%) with time. The beam1267

current and raster size were the same in each figure (180 µA, 4× 4 mm2).1268

16. The detector asymmetry width ∆A qrt measured over helicity quartets at different1269

incident beam currents (blue circles, left axis) with the LH2 recirculation pump at 301270
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Hz, and a 3.5 × 3.5 mm2 raster. The dashed blue line is a fit to these data using1271

Eq. 16. The target noise term ∆A tgt extracted in quadrature from the fit at each1272

beam current is shown as the red squares (right axis), along with the fit representing1273

that term (solid red line).1274

17. Upper: The detector asymmetry width ∆A qrt measured over helicity quartets at 1691275

µA (blue circles and dashed line ) and 182 µA (red squares and solid line) as a function1276

of raster size at the target with the LH2 recirculation pump at 30 Hz. Fits to these1277

data using Eq. 17 are shown for each beam energy. Lower: The target noise term1278

∆A tgt extracted in quadrature from the data in the upper figure at 169 µA (blue1279

circles) and 182 µA (red squares) as a function of raster size at the target with the1280

LH2 recirculation pump at 30 Hz. Fits to these data are shown for each beam energy.1281

18. Upper: The detector asymmetry width ∆A qrt measured at 170 µA over helicity quar-1282

tets with (x,y) raster dimensions of 4× 4 mm2 (blue circles), 5x3 mm2 (red squares),1283

and 3x5 mm2 (green triangles) as a function of the LH2 recirculation pump speed. Fits1284

to these data using Eq. 18 are shown for each raster dimension as solid, dashed, and1285

dotted lines in the corresponding color, respectively. Lower: The target noise term1286

∆A tgt extracted in quadrature from the ∆A qrt data in the upper figure with the same1287

symbols and line types used in the upper figure.1288

19. Upper: The detector asymmetry width ∆A qrt measured at 180 µA over helicity quar-1289

tets as a function of the LH2 pump recirculation speed with the LH2 temperature at1290

19 K (blue circles), 20 K (green squares), 21 K (red downward-pointing triangles) and1291

22 K (magenta upward-pointing triangles). Fits to these data using Eq. 18 are shown1292

for each target operating temperature as solid, dashed, dotted and dash-dotted lines in1293

the corresponding colors. Lower: The target noise term ∆A tgt extracted in quadrature1294

from the data in the upper figure with the same symbols and line types used in the1295

upper figure.1296

20. The target noise (blue circles) determined at a pump speed of 28.5 Hz and 179 µA as1297

a function of the LH2 operating temperature (lower axis) or the amount of sub-cooling1298

(upper axis). A fit to these data using Eq. 19 is shown by the red line.1299

21. Upper: The detector asymmetry width measured over helicity quartets ∆A qrt at 1701300

µA with a 4× 4 mm2 raster area, as a function of the LH2 pump recirculation speed1301

with the helicity reversal frequency in the polarized source at the nominal 960 Hz1302

(red squares) and adjusted to 480 Hz (blue circles). Since the overall statistical width1303

∆APV of the experiment’s asymmetry depends on the quartet asymmetry width ∆A qrt1304

divided by
√
Nqrt, the dotted green curve

√
2∆A qrt(480) is what should be compared1305

to ∆A qrt(960). Fits to these data are shown for each helicity reversal frequency as solid1306

or dashed lines in the corresponding colors. Lower: The target noise ∆A tgt extracted1307

in quadrature from the ∆A qrt data in the upper figure with the same symbols and line1308

types used in the upper figure.1309
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Table Captions1310

1. Parameters used in Eq. 3 to provide an initial estimate of the helicity-quartet target1311

noise that might be achievable in the Qweak target, based on the performance of the1312

G0 target reported in [5]. The last row lists the multiplicitive factors that scale the1313

G0 target noise ∆A tgt to the target noise expected for the Qweak target, using the1314

assumptions noted in the text.1315

2. Predictions from CFD simulations for various properties of two different target designs,1316

assuming 180 µA e− beam rastered 5×5 mm2 on a 35-cm-long LH2 target held at 20 K1317

and 35 psia (3.7 K sub-cooled) with a 1 kg/s mass flow (15 liters/s). The beam power1318

in the LH2 is 2120 W and 25 W in the two 0.125 mm thick Al windows. The columns1319

represent the volume power density P, the average LH2 flow velocity v, the relative1320

change in density ∆ρ/ρ, the areal power density q, the average overall temperature1321

increase ∆T , and the maximum temperature increase ∆Tmax.1322

3. The geometry of the fin-tube heat exchanger.1323

4. Thermodynamic properties of LH2, the 4 K Helium coolant, and the 15 K helium1324

coolant relevant for the heat exchanger cooling power estimate. Some coolant proper-1325

ties are averages over the pressure and temperature range of each coolant supply. The1326

25 g/s total 4 K coolant mass flow is split in half in the table to reflect the fact that it1327

was used in two identical layers of the HX (the third of the three layers was used for1328

the 15 K coolant).1329

5. Predicted cooling power for the Qweak counterflow HX.1330

6. Coolant properties obtained after the Moller polarimeter superconducting solenoid1331

was offline for several days. Therefore the parameters in the table reflect those for1332

the LH2 target only. The HPH was 2200 W with the beam off, and 260 W with the1333

beam on at 180 µA. P and T refer to pressure and temperature, ∆H refers to enthalpy1334

change.1335

7. Target heat loads. Some were measured, others were estimated.1336

8. Helicity-quartet target noise determinations using various methods. For each method,1337

the beam current, raster size, and pump speed are tabulated. The last column indicates1338

the target noise ∆A tgt scaled to a common set of running conditions: 179 µA, 4 × 41339

mm2 raster area, and 28.5 Hz pump speed.1340

9. Time penalties incurred from the target noise analysis presented in Fig. 18. All entries1341

correspond to a recirculation pump speed of 28.5 Hz. The first column denotes the1342

helicity-reversal frequencies ν used for the measured helicity-quartet asymmetry widths1343

∆A qrt in column 2. The ∆A qrt for ν = 480 Hz is corrected for the fact that there are1344

half as many quartets Nqrt at 480 Hz as there are at 960 Hz. The target noise ∆A tgt1345

in the 3rd column is subtracted in quadrature from the ∆A qrt in the second column to1346

deduce what the measured ∆A qrt would have been without any target noise. The last1347

column takes the square of the ratio of the ∆A qrt with and without the target noise1348

term to obtain the time-penalty associated with each helicity-reversal frequency.1349
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