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ract

-power liquid hydrogen target was built for the Jefferson Lab Qweak experiment, whi
red the tiny parity-violating asymmetry in e⃗p scattering at an incident energy of 1.1
and a Q2 = 0.025 GeV2. To achieve the luminosity of 1.7× 1039 cm−2 s−1, a 34.5 cm
arget was used with a beam current of 180 µA. The ionization energy-loss deposited b
am in the target was 2.1 kW. The target temperature was controlled to within ±0.02
e target noise (density fluctuations) near the experiment’s beam helicity-reversal ra
Hz was only 53 ppm. The 58 liquid liter target achieved a differential pressure (hea
the pump of 7.6 kPa (11.4 m) and a mass flow of 1.2 ± 0.3 kg/s (corresponding to
e flow of 17.4 ± 3.8 l/s) at the nominal 29 Hz rotation frequency of the recirculatin
fugal pump. We describe aspects of the design, operation, and performance of th
, the highest power LH2 target ever used in an electron scattering experiment to dat
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troduction

e Qweak experiment [1] provided the first determination of the proton’s weak char
nd used it to probe for physics beyond the standard model (SM) of particle physics. T
for new physics at TeV-scales, the experiment sat at the precision/intensity frontie
precise measurements can be compared to precise predictions of SM observables li

e weak charge is the electroweak analog of the familiar electromagnetic charge. Th
interactions in electron-proton scattering that occur as a result of neutral Z0 exchan
o be separated from among the much more copious electromagnetic interactions th
when a photon is exchanged between the electron and proton. This was accomplishe
parity violation: although parity is conserved in the electromagnetic interaction, it
ed in the weak interaction [2, 3].
eQweak experiment exploited this distinguishing feature by measuring the spin-asymm
elastic scattering of longitudinally-polarized electrons from protons

APV =
σ+(θ)− σ−(θ)

σ+(θ) + σ−(θ)
(

the beam helicity subscript ± denotes whether the incoming electron is polarize
el or anti-parallel to its momentum of about 1.16 GeV. As described in [4], it w
l to perform the experiment at small angles (⟨θ⟩ = 7.9◦) and small four-momentum
er squared (⟨Q2⟩ = 0.0248 GeV2) to minimize the contributions of hadronic (intern
structure) corrections relative to the weak charge. The final results of the experime
rresponding physics insights were published in [4].

erformance Requirements

cause the parity violating asymmetry was expected to be small (APV ≈ −230 pp
ad to be measured with precision (≲ 10 ppb), the beam had to be intense and th
had to be thick. To reach the desired precision goal in roughly a year’s worth of bea
ry, the electron beam current used in the JLab Qweak experiment was 180 µA, an
uid hydrogen (LH2) target was 34.5 cm thick. This resulted in the highest luminosi
1039 cm−2 s−1) ever employed with a LH2 target in an ep scattering experiment
on Lab, or any other laboratory we’re aware of.
wever, the cost of high luminosity is more beam heating. Over 2 kW of heat deposite
beam in the LH2 had to be removed to maintain the target temperature within abo
of its nominal value of 20.00 K. This exceeded the nominal cooling power availab

he JLab End Station Refrigerator (ESR) and led to the development of a novel hybr
xchanger (see Sec. 2.4) for the target which simultaneously made use of 15 K hig
re helium gas coolant normally used for cryotargets as well as low-pressure 4 K heliu
normally used for superconducting magnets.
oreover, high luminosity also leads to more boiling in the LH2. Density fluctuatio
target boiling ∆A tgt near the helicity-reversal frequency of the beam contribute
ature to the total asymmetry width ∆A qrt measured over beam-helicity quartet

4
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boiling increases the time required to achieve a given precision goal, and must b
ized. Typically, ∆A qrt was 225-230 ppm, and consisted of the quadrature sum
or1 statistics (∆A stat ≈ 215 ppm), beam current monitor (BCM) resolution (∆ABC

pm), and a target boiling component ∆A tgt of about 52 ppm (see Sec. 4). The stati
idth (uncertainty) ∆APV of the measured parity-violating asymmetry APV depen

qrt :

∆APV = ∆Aqrt/(P
√
Nqrt), (

P is the beam polarization, and N qrt is the total number of beam-helicity quartet
% efficiency, N qrt = 107 per day with the 240 Hz quartet helicity patterns (+−−+
−) used in the experiment. The time penalty for the experiment from target boilin
referred to as target noise) is thus the square of the ratio of the asymmetry wid
with and without the boiling contribution ∆A tgt . The design goal was to limit th
enalty from target boiling to less than 10%. Despite the record luminosity of th
target, the penalty achieved was even smaller: only 5%.
e successful development of a LH2 target that could meet all these conflicting requir
is the subject of this article.

erformance Scaling

the Qweak experiment’s proposal stage, the target noise ∆A tgt that might be achievab
stimated by scaling the well-studied low-noise target used for the G0 experiment [5
caling was estimated as follows:

∆A tgt(Qweak) ∼∆A tgt(G0)× Ltgt

(
Qweak

G0

)
×Rwidth

(
G0

Qweak

)2

× Ibeam

(
Qweak

G0

)
× νbeam

(
Qweak

G0

)−0.4

× ṁLH2

(
G0

Qweak

)
, (

Ltgt refers to the target length, Rwidth to the square raster dimension, Ibeam th
nt beam current, νbeam the beam helicity-reversal rate, and ṁLH2 the LH2 mass
e flow rate across the beam axis. The values used in this scaling Eq. 3 are tabulate
le 1. The G0 values come from Ref. [5], and the values for the Qweak target describe
re what were initially proposed and actually used.
e assumption that the target noise is the same for transverse and longitudinal flo
ntested, so the mass flow was scaled linearly instead of quadratically or even cubical
rred in [5]. The power scaling used for the faster helicity reversal was based on resul
ed [6] for just three simulated helicity reversal frequencies on the standard Hall
nic target which did not have and was not designed for small target noise. It
er clear a priori that faster helicity reversal results in better performance because th

e eight synthetic quartz detectors azimuthally arrayed around the beam axis counted the electro
ed from the LH2 target by integrating the Cerenkov light the electrons emitted during each ≈ 1-m
licity window. The detectors are described in Ref. [1].

5
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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

: Parameters used in Eq. 3 to provide an initial estimate of the helicity-quartet target noise th
be achievable in the Qweak target, based on the performance of the G0 target reported in [5]. T
lists the multiplicitive factors that scale the G0 target noise ∆A tgt to the target noise expected f

eak target, using the assumptions noted in the text.

ical width of faster (shorter) helicity patterns at a fixed beam current must be large
us a given target noise makes a smaller relative contribution to the total asymmet
, as shown in Sec. 4.5. Moreover, Fourier transforms of the noise spectrum showe
here is more noise at lower frequencies, especially below the 60 Hz line frequency an
mechanical vibrations from the 30 Hz LH2 recirculation pump, for example.
summarize, this simple scaling provided early reassurance that the target noise goa
experiment might be met with reasonable improvements to existing technology o
l fronts.

e Target Components

verview

noted above, in a parity experiment it is important to design a LH2 target capable
ing an intense beam with correspondingly large beam-related heat deposition, as we
minimize density fluctuations near the helicity reversal frequency which cause noi
egrades the uncertainty ∆APV of the asymmetry measurement associated with th
ment. The density fluctuations can arise from boiling associated with beam heating

2 fluid and the target cell windows where the beam enters and exits the cell containin

2. These target cell windows also present a background which must be measured an
ted for in order to isolate the results that arise from the hydrogen.
e basic design of the Qweak LH2 target is shown in Fig. 1. Like most cryogenic targe
ased on a loop of recirculating LH2 in an insulating vacuum provided by a scatterin
er. The LH2 circulation is provided by a pump. The beam interactions with th
ake place in a target cell which separates the LH2 volume from the beamline vacuu
hin windows where the beam can enter and exit the cell. The heat associated wi
nization energy loss of the beam passing through the LH2 and associated cell window
oved with a cold helium heat exchanger, which is also used to condense the hydroge
system. The temperature of the LH2 is regulated using a resistive heater immersed

2 flow which is continuously adjusted by means of a Proportional-Integral-Differenti
feedback loop.

6
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e Qweak target was built to code [7]. Target operators were trained in the physi
ples and operational procedures of the target, and given practical training specific
arget by a subset of the authors of this article. A dedicated target operator staffe
rget 24/7 whenever hydrogen was condensed in the target, and the same people wh
ed the training were available on-call for any problems the target operators couldn
on their own.

he Target Cell

e target cell defines the volume where the LH2 flows across the beam axis and electro
interactions occur. It separates the pressurized flow space of the LH2 from the vacuu
beamline and the scattering chamber.
though the requirements that the Qweak experiment placed on the target were deman
ey also presented some design opportunities because the target needed to serve th
of only one experiment. In particular, the experiment’s acceptance was limited
d angles 5.8◦ < θ < 11.6◦ by means of a collimator system downstream of the ta
his suggested a conical LH2 volume whose axis coincided with the beam such th
ctrons scattered less than ≈ 14◦ could pass out of a large thin exit window on th
tream end of the target cell.
e precise geometry of the cell with its carefully tailored input and output LH2 ma
was arrived at iteratively using Computational Fluid Dynamics (CFD) simulatio
he finite-element analysis software used for the CFD simulations was developed b
t, Inc. now part of ANSYS, Inc. The CFD simulations were benchmarked to the G
[5] cell. Designing a high-power target before CFD became feasible was mostly base
perience and conjecture. With the proper use of CFD design, heating of LH2 in th
illuminated volume of the cell can be mitigated by adjusting flow geometry and flo
eters to satisfy the physics requirements for target noise.
e ANSYS-Fluent CFD engine [8] solves conservation and transport equations iter
through gas, liquids, solids or even plasma. Of the first three, the evolution equatio
ost difficult to solve in fluids (gases and liquids), hence the developers kept the wo
” in the name of the software. But the software is capable of solving the conservatio
ransport equations in solids too and to deal with fluid-structure interactions. Th
eposited by the electron beam into any medium/material it traversed was calculate
the collisional heat deposition formula described in Eq. 6 below. The CFD softwa
eal with fluids from subsonic to hypersonic regimes, and it can incorporate chemic
ons. We even used CFD to simulate H2 release and fire in various accident scenari
experimental hall to better define keep-out zones for ignition sources, etc.
e CFD process for the Qweak target started by creating a geometry in a Comput
Design (CAD) program with an appropriate mesh size to capture the flow details
st. The meshed geometry was imported to Fluent and a case was set up. The ca
ed boundary and bulk conditions, turbulence modelling, fluid-structure interaction
aterial properties were corrected for temperature dependence over the range 15-300
2-phase flow model for hydrogen was used to capture the liquid-vapor phase transitio
ver it may occur in the geometry. The flow was calculated iteratively to convergen

7
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1: A schematic showing the components of the Qweak target. A: The beam interaction cell (pitch
this figure in order to illustrate the flow pattern), B: the resistive heater, C: the centrifugal LH2 r
tion pump, D: the hybrid heat exchanger, E: the solid target ladder, which was mounted direct
he cell, and F: the long thin stainless-steel pipe which thermally isolated and mechanically support
get loop, as well as the manual cell adjustment mechanism at its lower end.
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in steady-state or transient mode. If the model converged, the next step was pos
sing: comparison of the model predictions to the experiment’s goals for the targe
sing that comparison to inform parameter and geometry changes that might lead
results in the next iteration. The design phase was completed once a geometric mod
ed the physics requirements in a robust way.
D steady-state simulations are very reliable at predicting the equilibrium density lo
rget cell caused by beam heating. We tried to develop CFD technologies to also predi

2 density fluctuations at the electron beam-helicity reversal frequency of 960 Hz, b
imited by the available computational power at the time. We estimated that to acqui
f LH2 flow time with a top-of-the-line workstation (≈ 2007-2008) would require 5 yea
tinuous computer time, which was not feasible for our design purposes.
ter the baseline was established by simulating the G0 target [5] geometry, a stretche
e longitudinal flow design was studied which adopted off-center flow diverters [9]
te beam heating at the cell windows. Those results were then compared to a transver
esign with a conical LH2 target volume. Local heating at the entrance and exit window
duced by diverting some of the ≈ 3 m/s transverse flow diagonally across the bea
o the central region of each window at ≈ 7 m/s, as shown in Fig. 2. Table 2 compar
sults obtained for both designs. Although both designs had local hot spots, and bo
redicted to have maximum temperature increases ∆Tmax below the 3.7 K required f
oiling, the transverse design ∆Tmax was about half that of the longitudinal desig
ransverse flow conical cell design was chosen for the Qweak experiment, machined o
lindrical block of cast 2291 aluminum, as shown in Fig. 3. The head2 associated wi
ell and its inlet and outlet manifolds was determined from CFD calculations to b
(8.70 kPa).
e cell main body and its inlet and outlet manifolds were machined from B209 al
6061-T651 plate and welded together. Sections of B209 2219-T851 plate were the

d to the upstream and downstream faces of the cell as well as to the outer ends of th
nd outlet manifolds. Custom conflat flange knife-edges were machined into the 221
es as a last step (see Fig. 3). The two alloys were used because welded 6061 is to
hold the conflat knife-edge, and we couldn’t get the harder 2219 plate thick enoug

ld the whole cell.

Cell Windows

e collaboration advocated for beryllium windows where the beam entered and exite
ll containing the LH2. With an atomic number of only 4, a very high melting poin
strength and thermal conductivity, beryllium seems like an ideal window material
minimize background and beam heating in the windows. However it can be britt
temperatures and the consequences of that proved fatal in the past [10] at anoth
tory.

ce we deal with only one fluid (LH2) in this article, we use head and differential pressure interchang
ead refers to the height h the pump can raise a column of fluid and is independent of the fluid. W
y measured the differential pressure across the pump ∆P (Pa) = ρ g h(m), where ρ(LH2) = 71.3 kg/m
and 221 kPa (32 psia), and g = 9.81 m/s2.
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2: Flow velocity predictions from CFD models for a longitudinal, G0-like cell design with an offs
verter (left) and a transverse, conical cell design (right). The beam is incident from the left for t
cell. The LH2 flow is coaxial, entering from the left inside the perforated flow diverter and exiti

l at larger diameters outside the flow diverter also on the left. For the transverse cell, the beam
t from the bottom and the LH2 flow enters the cell from the right and exits the cell on the left. T
anifold directs part of the LH2 flow at the entrance and exit windows. The remainder is direct

the beam axis.

ith that tragic accident in mind, the aluminum alloy 7075-T651 was chosen for th
windows instead of Be. Aluminum is more ductile then Be at low temperatures. Th
was chosen for its superior strength, and consisted of Al (89.2 wt%), Zn (5.87 wt%
.63 wt%), Cu (1.81 wt%), and other (0.47 wt%), determined by chemical assay
uminum actually used for the target. The windows were machined from single bille
TM B209 7075 -T651 aluminum plate that were extruded and hot rolled to minimi
(relative to cast aluminum). Although target window background was the large
tion that had to be accounted for in the Qweak experiment (about 17%), no oth
ms related to the target windows were encountered.

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

: Predictions from CFD simulations for various properties of two different target designs, assumi
e− beam rastered 5×5 mm2 on a 35-cm-long LH2 target held at 20 K and 35 psia (3.7 K sub-coole
1 kg/s mass flow (15 liters/s). The beam power in the LH2 is 2120 W and 25 W in the two 0.1
ick Al windows. The columns represent the volume power density P, the average LH2 flow veloci
relative change in density ∆ρ/ρ, the areal power density q, the average overall temperature increa
d the maximum temperature increase ∆Tmax.

10
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3: Left: CAD depiction of the LH2 cell, showing the beam and scattered electron LH2 volum
ellow) inside a wire frame of the cylindrical aluminum alloy cell. The LH2 exit manifold is denot
ge on the left of the figure. The LH2 flow is directed across the beam axis by the four sections

2 input manifold on the right. Right: The inside of the conical cell looking upstream is shown
et photo in the lower left. The conflat knife-edge is visible just inside the outer bolt pattern. T
w is from right to left in both depictions. The incident electron beam is from the upper right to t
eft along the central axis of the yellow conical LH2 volume in the CAD diagram.

e cell entrance window [11] design was similar to windows in use at JLab for man
Past applications include 1.55 MPa (225 psia) helium gas targets and (more typicall

Pa liquid hydrogen targets. The entrance window was tested to 3.45 MPa (500 ps
sisted of a 12.7 mm-thick, 69.3 mm-diameter machined conflat flange with a 22.2 m
The downstream end of the flange supported a 22.2 mm-i.d., 25.4 mm-o.d. cylindric
rant tube 41.4 mm long which penetrated the target cell block into the LH2 volum
ange and the tube were machined as one piece from a single block. The 0.097 mm-thi
ce window at the end of the tube separated the beamline/scattering chamber vacuu
the nominally 220 kPa LH2. The deflection of the center of the 22.2 mm-diamet
ce window measured at 300 K and the 221 kPa operating pressure of the target w
.18 mm.
e exit window was also machined from a single piece of extruded Al 7075 -T651 plat
indow diameter had to be large enough to accept all of the scattered electrons
st (θlab ⪅ 14◦) unimpeded. The thickness of this window was optimized to 1) reduce
as possible the background from beam electrons interacting with the aluminum at th
of the window, 2) maintain the strength required to safely contain the fluid pressur
) provide sufficient window thickness to promote conduction of heat generated by th
passing through the window. To meet these design requirements, the exit windo
omposed of three radial zones, as shown in Fig. 4. The outermost zone from 152
r > 86.7 mm consisted of a 38.1 mm (1.5′′) thick annulus with a custom confl

11
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4: A photo of the downstream face of the LH2 target cell window after about 6 months exposu
µA beam, looking upstream from downstream at the vacuum side of the window. The discolorati
left by the 4× 4 mm2 rastered beam spot is clearly visible in this photo, indicating that the bea

ll centered on the thin nipple of the 190.5 mm diameter convex exit window machined from a 305 m
er flange. The inset in the lower right shows a closeup of the central 0.127 mm thick, 15 mm diamet
with the 4 × 4 mm2 spot left by the beam clearly visible and well centered. No corresponding sp
de on the opposite (LH2) face of the window.

edge machined into the upstream face that mated (using vented Ti bolts and an 110
aluminum gasket) to the custom conflat knife-edge machined into the downstrea

f the target cell body visible in the Fig. 3 photograph. The second annulus extende
6.7 mm > r > 7.5 mm and had a convexity of 254 mm with a thickness of 0.51 m
ommodate the scattered electrons as mentioned above. The final inner section was
diameter disk just 0.13 mm thick, through which the electron beam passed. Th

ction was made as thin as safely possible in order to reduce background from and he
ition in the aluminum.
guide the initial design of the window, a simplified model was developed which co
d the convex section of the window as spherical such that the stress could be expresse
PR/(2t) where P is the pressure load, R is the radius of curvature, and t is the thic

f the shell. From this basic model, thicknesses were varied to optimize the strengt
s, and thermal performance of the window. With a pressure of 0.55 MPa (80 psi), th
in the domed section of the window was 138 MPa. The maximum allowable stress f
indow was determined using the material properties given in ASTM B209 and is th
of 2/3 the yield stress SY or 1/3 the ultimate tensile stress SUT , i.e. 175 MPa. Thu
med section was deemed suitable for more sophisticated analysis.
model the thin central nipple of the window, an expression for the stress S in lar

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

S = 0.423

(
EP 2r2

t2

)1/3

(

12
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E = 71.7 GPa is the modulus of elasticity, r and t here refer to the radius an
ess of the nipple. This gave a stress of 179 MPa which is slightly above the allowab
ill deemed acceptable for further analysis.
ilarly, the deflection at the center was determined [12] as

y = 0.662r (Pr/(Et))1/3 = 0.38 mm (

e same pressure load used to determine the stress above. This deflection could the
pared to other models and measurements made during testing.
cause of the complex geometry of the window, we ultimately employed a more detaile
using the elastic plastic technique given in the ASME Boiler and Pressure Vessel Cod
his technique utilized finite-element analysis with an augmented pressure load at lea
es the expected maximum pressure of 0.69 MPa, which finally enabled us to conclud
he window would be safe to use as designed.
a final check, a sample of windows were hydrostatically tested to destruction wi
s near 1.7 MPa. This was more than 2.4 times the maximum pressure in the cell, an
es more than the typical operational pressure when the target was condensed. Th
ce and exit windows were replaced with identical spares about halfway through th
ment.

ooling Power

e Qweak experiment’s design requirements included a 180 µA beam of 1.165 Ge
ns rastered into a pattern no larger than 5×5 mm2 onto a liquid hydrogen target ≈3
ng. The final 34.5 cm target length is corrected for thermal contraction to T = 20
ressure bulging at the nominal operating pressure P = 220 kPa. The ionization energ
sociated with the passage of the electron beam through the LH2 is

P = Ibeam Ltgt ρtgt dE/dx = 2060 W, (

the beam current Ibeam is in µA, the target length Ltgt is in cm, the parahydroge
density [13] at this temperature (T ) and pressure (P ) is ρtgt = 0.0713 g/cm3, an
ergy loss (including the density effect [14, 15]) is dE/dx = 4.653 MeV/(g/cm2). On
also account for the viscous heating of the LH2 (175 W), the heat generated by th
rsed LH2 recirculation pump (∼150 W), conductive heat loss to the outside (∼15
serve heater power for control of the target temperature (∼250 W), and the entran
it windows (∼22 W). Accordingly, a cooling power of about 3 kW is required.
is far exceeds the cooling power which was then available from the JLab End Statio
erator (ESR), which could supply up to 25 g/s of 12 atm, 14.5 K helium coolant f
nic targets (shared between all end stations). With coolant returned at P = 3 atm
presents a cooling power

Q = ṁCp∆T (

y 860 W even if all of the available 15 K coolant were used for the 20 K Qwea
arget. To achieve the required 3 kW cooling power, the available 15 K cooling pow

13
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be increased and augmented with the approximately 20 g/s excess capacity of th
, 4 K Central Helium Liquifier (CHL) which is normally dedicated to cooling th
rator’s superconducting radio-frequency (SRF) cavities and superconducting magne
experimental end stations. Use of the CHL excess 4 K helium coolant (in conjunctio
he 15 K coolant) had three disadvantages. First, SRF operation was strained witho
cess capacity margin typically provided. Second, since hydrogen freezes around 14 K
4 K coolant was problematic. Finally, the existing vacuum-insulated coolant transf
frastructure was not designed for this hybrid situation.
though the separate 15 K supply and 20 K return transfer line plumbing was adequat
isting 4 K supply and its return were co-axial, since the 4K is normally used to co
conducting spectrometer magnets in the end-stations which return the coolant at 5 K
ning the coolant at the 20 K operating temperature of the target required a non-coaxi
ement. Ultimately this challenge was met by warming up all the superconductin
ts in the Hall C end-station hosting the experiment, hijacking the 4K supply piping f
rget, and returning (at 20 K) the coolant supplied at 4 K through the LN2 transfer lin
. This decoupled the 4K supply and return as needed, and improved the effectivene
shield.
further improve the available cooling power for this experiment, a new heat exchang
was put in place at the ESR which essentially used the remaining enthalpy of th
ing coolant supplied by the CHL to pre-cool the helium being used for the hig
re 15 K supply. This modification doubled the capacity of the 15 K supply. Since th
t supplied by the CHL had to be returned to the CHL at room temperature anywa
was no downside to using the CHL return enthalpy for this purpose. The combine
g power from both the 15 K ESR and 4 K CHL refrigerators met the unprecedente
cooling power required for the target. A schematic showing the basic configuration
L and ESR during the Qweak experiment is shown in Fig. 5. The Hall C Moller bypa
in that figure refers to the Moller polarimeter’s superconducting magnet which w
zed for most of the experiment.

eat Exchanger

e purpose of the target’s heat exchanger was to use helium coolant from the en
n refrigerator to remove heat from the LH2. The fact that the cooling power require
e target could only be achieved by combining all the 15 K cooling power availab
he ESR with all the excess 4 K cooling power of the CHL led to the design of a nov
heat exchanger (HX). Combining the 4 K and 15 K HXs into a single (hybrid) H
ized space, H2 volume, and pressure head loss.
is single 3 kW counterflow HX employed 12.7 mm diameter copper fin-tube with 1
er inch. The 0.38 mm-thick fins extended 6.4 mm beyond the copper tube. Th
nsisted of 3 adjacent sections, each with 3 radial layers, as depicted schematically
. Each layer in each section was composed of 5 turns of copper fin-tube. Each lay
eparated by a thin perforated stainless-steel sheet. To minimize the pressure dro
cross the HX, no “rope” was employed to fill the gap between turns as is sometim
The fin-tube connections between sections and layers were brazed together as show

14
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5: Schematic showing the unique configuration of the End Station Refrigerator (ESR) for the Qwe
taking advantage of both 4K and 15K coolant supplies and reducing wasted enthalpy with a nov
y heat exchanger.

. 6 to equalize the pressure drop across the HX for each of the 3 independent heliu
t circuits, two of which were connected in parallel at the inlet and outlet. In oth
, each of the 3 fin-tube circuits consisted of an inner layer in one section, a midd
in another section, and an outer layer in a different section. The 4 K coolant was fe
h 2 of the 3 fin-tube circuits, and the 15 K coolant was fed to the third circuit. A 9
ameter cylindrical aluminum mandrel occupied the volume inside the inner layer of fi
The entire fin-tube assembly was contained in a 27.3 cm-o.d. stainless-steel shell 3
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ick and 70.6 cm long (not including the head assemblies at each end) through whi

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

6: Basic CAD depiction of the hybrid 3 kW heat exchanger. The finned copper-tubing was wou
cylindrical mandrel which diverted the LH2 flow through the two 4 K and one 15 K parallel circu

e sections of alternating radius.

e most important metrics in the design and operation of a HX are the head it presen
s cooling power. We also used CFD to determine that no local freezing of the LH2 o
in the 4 K section of the HX during normal equilibrium operation.
e head loss of the HX was calculated in the CFD model and was consistent with a
endent estimate assuming a 15 l/s volume flow of 20 K LH2 using the Darcy-Weisba
la. A velocity was obtained from the volume flow by carefully estimating the effecti
rea for each layer of fin tube. The head obtained by this method (1 m) was combine
he head associated with the 7.6 cm ↔ 27.3 cm abrupt transitions at the ends of th
arrive at the predicted overall 2.1 m head loss associated with the HX.
e predicted HX cooling power was studied with CFD and in the design phase b
g with the expression for the heat transfer rate for a HX:

Q = U∆TLM . (

g mean temperature difference ∆TLM for a counterflow HX is expressed in terms
fference between the coolant and the LH2 temperatures ∆To (∆Ti) at the outlet (inle
HX:

∆TLM =
∆To −∆Ti

ln ∆To

∆Ti

. (

eat transfer coefficient U contains a term to account for the convective heat transf
en the He coolant and the walls of the Cu fin tube, as well as a term to account for th
ctive heat transfer between the LH2 and the Cu fin-tube walls. Ignoring the therm
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nce of the Cu fin-tube walls, the overall heat transfer coefficient can be expressed
of the heat transfer rate per unit area hx and the corresponding effective area for he
nge AHX

x for each fluid x as follows:

1/U =

(
1

hLHALH
HX

+
1

hHeAHe
HX

)
, (1

x represents helium or LH2. For the present case of turbulent flow (Re(LH2)
106), hx is [17]

hx =
0.023CpG

0.8 η0.2

(Pr)0.6 (De)0.2
, (1

Cp is the specific heat, G the mass flow rate per unit area (G = ṁ/Aflow), η is th
ity, De the effective HX area (De = 4 (tube area)/(heat transfer surface perimeter)
the Prandtl number (Pr = ηCp/λ), and finally λ is the thermal conductivity.
e geometry of the Qweak HX is summarized in Table 3, along with the calculate
ve areas for heat exchange. The thermodynamic properties of Hydrogen and Heliu
d for the coolingpower calculations are listed in Table 4.

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

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

e actual cooling power prediction is now straightforward using Tables 3 and 4
8-11. The result is presented in Table 5. In Table 5 the hydrogen inlet temperatu
to the operating/outlet LH2 temperature of 20 K plus the 0.24 K temperature ri

17
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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
hermal 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

: Thermodynamic properties of LH2, the 4 K Helium coolant, and the 15 K helium coolant releva
heat exchanger cooling power estimate. Some coolant properties are averages over the pressure a
ature range of each coolant supply. The 25 g/s total 4 K coolant mass flow is split in half in the tab
ct the fact that it was split into two identical layers of the HX (the third of the three layers was us
15 K coolant).

ted from a 2.5 kW heat load using Eq. 7. The helium coolant inlet temperature
as 15 or 5 K for the two coolant sources in the hybrid HX. The cooling power resu

te sensitive to the coolant outlet temperature THe
o chosen in the calculation. Th

rature cannot exceed the hydrogen outlet temperature of 20 K, and the calculation
most conservative if this value is chosen for the helium outlet temperature, as presente
le 5. With a less aggressive choice of 19 K for THe

o , the predicted total cooling pow
rom 3066 W to 4864 W. In any case the predicted HX performance seemed capable
g the requirements of the Qweak experiment.
ring the experiment, the HX performed well and handled total heat loads as hig
kW. The only operational difficulties had to do with the tendency to start makin
gen slush (partially frozen hydrogen) during cooldown, due to the use of 4 K coola
HX. This was dealt with by adding a resistive heater (described in Sec. 2.7) to the 4
line in the scattering chamber, to more quickly and forcefully react to sudden dro
4 K return temperature during the infrequent ≈ 8-hour-long cooldowns required
nse the hydrogen. This was preferable to closing the 4 K supply valve, which had
ve impact on the ESR as well as the coolant transfer line.

eater

e High Power Heater (HPH) was used to replace the beam heat load when the bea
ff, as well as to regulate the loop temperature within about 10 mK. As with the oth
components, both CFD as well as analytical tools were used to design the HPH.
e heater was initially powered by a Sorensen 3 kW 60 VDC power supply requirin
al resistive load of 1.2 Ω. Unfortunately, the total resistance of the heater with pow
was about RH = 1.33 Ω. During the second half of the experiment, when we we
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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.

ting with the maximum beam current, the heater power plateaued around 2700 W wi
kW power supply. During beam trips at these conditions, we required more dynam
to minimize the temperature oscillations, hence we replaced the 3 kW power supp
4 kW 80 VDC power supply.
e heater consisted of four layers of 13 AWG Nichrome wire wrapped through holes
d G10 boards 1.59 mm thick. The heater resided in a 27.94 cm long section of 7.62 c
ipe with conflat flanges. Heat transfer calculations were done assuming one can tre
ater as an array of in-line cylinders or tubes in a crossflow [18]. CFD simulatio
erformed to confirm these calculations. The wound heater and the CFD simulation
in Fig. 7. The wire had a diameter D = 1.83 mm, resistance per meter of 0.420 Ω/m
tal length of about 11.5 m. With a heat load of 2500 W, the calculations require
8 meters of wire to keep the surface temperature below 23.6 K (boiling point f
gen at 35 psi), the extra length provided a safety margin and added resistance to g
to the optimal resistance.
course, when the beam was on and the experiment was acquiring data, the heat loa
he heater dropped to a few hundred Watts. Strictly speaking, it was only necessary
boiling during these less demanding conditions, but the heater was designed to avo
g when the beam was off and the heater was on at full power.
e longitudinal spacing between the rows was Xl = 2D and there were 23 rows. Th
erse spacing was Xt = 3.6D. Layers 1 and 4 were connected in series as were laye
3, providing two segments of wire of roughly equal length. These two segments we
onnected in parallel to produce the proper resistance. This resistance was determine
the current versus voltage data taken while the heater was submerged in a bath
nitrogen and was 1.3 Ω.
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inline array of wires was used rather than a staggered array to minimize the pressu
hrough the heater. The pressure drop was calculated with CFD, and found to be
ent with analytic estimates using

∆P =
fNLG

2
max

2gcρH2

≈ 1.86 kPa

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

f =

[
0.176 + 0.32

Xl

D

(
Xt

D
− 1

)−nf

]
Re−0.15

f

the exponent is nf = 0.43 + 1.13D/Xl. For our flow speeds, the friction factor had
of 0.084. The Reynolds number was evaluated at the maximum average flow veloci
fluid, Umax, and has the form

Ref =
Umaxρh2fD

µf

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

/s and the Reynolds number was about 4.8× 104.

irculation Pump

e purpose of the pump is to circulate LH2 around the target loop, which contai
nts that add heat (the heater and the beam) as well as elements that remove heat (th
xchanger). In general, pumping LH2 faster across the beam axis reduces heating fro
am and mitigates boiling, but also results in increased heating from friction with th
urfaces. In most cryotargets, the recirculation pump is the component most prone
.
custom LH2 recirculation pump was built at Jefferson Lab. The required pump hea
etermined by adding the head from the target loop and all its components. Th
ity was determined by scaling up the performance of the G0 target, as described
.2. The design head H = 11.4 m (LH2) and capacity Q = 0.015 m3/s at the nomin
shaft rotation determines the dimensionless specific speed

Ωs =
N(rpm)

√
Q(m3/s)

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

1835 in US units). This suggests a centrifugal pump geometry capable of providin
e head and moderate capacity [20]. Since 2-axis motion was a design requirement, a
, submersible pump design was chosen over one with an external motor.
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7: The upper figure shows a photo of the four-layer concentric heater wound onto a crossed G
before insertion into a dedicated 3′′ diameter spool piece. LH2 flowed along the axis of the NiCr
gs as evident in the lower figure, which shows a CFD simulation of the equilibrium LH2 temperatu
ees K.

Required Head and Capacity

suming a capacity of 15 l/s, the head associated with each of the major elements of th
as determined as described above in Sec.’s 2.2, 2.4, & 2.5. The head associated wi
at exchanger (2.1 m) and the heater (3.0 m) was calculated analytically and checke
CFD simulations. The head associated with the detailed cell design was obtained fro
simulation alone (2.5 m). The head associated with the loop plumbing (straight pip
se, elbows, enlargement and contraction of the piping where required) was calculate
ically (3.8 m) [21]. The total estimated head was 11.4 m for the entire loop.
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rger capacity results in faster fluid flow across the beam axis, less density reductio
aller target noise [5]. However, there is a practical constraint imposed by the friction
f the fluid in the system competing against the finite cooling power available for th
. This viscous heating is given by

Pviscous = 0.72 Capacity(l/s) Head(m) / ϵ, (1

the pump efficiency ϵ is estimated to be 72% [22]. Since the capacity is proportion
fluid velocity, and the head is proportional to the square of the velocity, the friction
g increases with the velocity cubed. A design constraint imposed on the pump w
it the viscous heating to ≤10% of the beam power deposited along the length of th
due to ionization energy loss of the beam (2.1 kW). With an 11.4 m head and 15 l
ity, Pviscous = 177 W. The nominal pipe diameter in the target loop was chosen to be
er to slow down the fluid velocity to 3.3 m/s and meet the viscous heating constrain
e expected torque can be estimated from

τ(Nm) = Vs∆P/(2π) = 168 oz-in,

ing a 60% pump efficiency, where Vs, the volume displacement per revolution, is 1/
30 Hz pump with a 15 l/s capacity, and the head ∆P is 1.3 psi.
e system pressure (P = 220 kPa) was chosen to be well above the parahydrogen vap
re [23] (Pvp=94 kPa at 20 K) in order to mitigate cavitation. The net positive suctio

NPSH =
P

ρg
+

v2

2g
− Pvp

ρg
= 175 m.

Pump Fabrication

e pump was adapted from a commercial (Garrett Motion, Inc.) A356.0 cast aluminu
otive turbocharger (see Fig. 8). Conflat flanges (Al 2219-T851) were welded to th
volute to connect to the target loop. The inner diameter of the flanges was 14.0 c
t) and 7.3 cm (inlet). A third flange on top of the volute with a 14.9 cm i.d. was use
e motor housing. The pump and motor assembly was 46.5 cm high and 27.0 cm
ter not including the outlet flange. The impeller was custom cast and balanced f
plication by Turbonetics, Inc.
e most relevant features of the impeller geometry are the outlet radius (r2=7.1 cm
ight at the outlet radius (h2=1.4 cm), the inlet radius (r1=5.4 cm), the angle of th
ler blades to the tangent of the outer/inner impeller circumference (β2=50◦/β1=5◦

he number of blades (Z=12). Using the expected capacity (Q = 0.015 m3/s) an
onal speed (30 Hz or ω=188 radians/s), the slip

σ = 1−
√

sin (90◦ − β2)

Z0.70
= 0.86,

e expected head

H =
σ(ωr2)

2 − r2ωQ tan (90◦ − β2)

2πgr2b2
= 12.5 m
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8: (Left) The pump is shown being tested in a water bath. The 1 hp pump motor is on to
mp volute is below the motor, with the suction side submerged. (Right) The impeller used for t
gal LH2 circulation pump is shown. The impeller radius was 7 cm, the height was 6.5 cm, and the
blades.

redicted [22], where g = 9.8 m/s2.
e pump efficiency was not directly measured. It was estimated [24] from the measure
ity, shaft speed, specific speed, and estimated surface roughness of the loop:

η = 0.94− 0.08955

[
Q(gpm)

N(rpm)

(
3.56

ϵ(µm)

)2
]−0.21333

− 0.29

[
log

(
2286

Ns

)]2
. (1

ith ϵ ∼ 10 µm, Q = 230 gpm, N = 1800 rpm, and Ns=1835, the pump efficiency w
ted to be 72%.
e pump motor was a nominally room temperature 1 hp AC induction inverter du
, 2.8 A explosion-proof Baldor motor. The commercial motor housing was replace
stainless steel 316L custom housing to adapt it to the pump volute. The pump sha
the pump impeller on one end, and a small tachometer magnet on the other. Th
shaft was slightly resized to accommodate 15.9 mm & 22.2 mm diameter cryogen
gs with stainless steel balls and races, a vespel retainer and molybdenum disulfid
bricant. The motor was controlled with an Elite microsystems drive controller [25
work of high power resistors was employed between the motor and the controller
e a load when the motor was cold. These were optimized during tests of the pump
(see Fig. 8) and full immersion tests in liquid nitrogen prior to installation of the pum
target loop. The LN2 tests led to adjustments in the impeller-volute clearance, min
g problems, and controller problems which were solved with the resistor networ
ually the pump was declared ready after running in an open loop at 45 Hz in LN
has 11 times the density of LH2.

23



Journal Pre-proof

To er457

tube w d458

20 K et459

heat e s,460

we sca s-461

sectio n462

HX to e463

existin464

Un as465

not ve d466

at the a467

condu e,468

the be g469

assem470

In el471

races a472

dry lu e473

volute d474

from t n475

path a of476

the ad 1.477

The r of478

the cr ’s479

recircu s,480

out of p481

and th482

2.7. A483

Se d484

safety d485

to the er486

consis e487

4 K s n488

DC p 2489

therm 7490

K) th e491

fall in t,492

before of493

the H e494

ESR r e495

poten496

An is497

consis K498
 Jo
ur

na
l P

re
-p

ro
of

help keep the nominally 750 W motor cold, several turns of 6.4 mm diameter copp
ere wrapped around the outside of the pump motor housing. This tubing carrie

helium coolant returning to the ESR from the 4K helium supply circuit in the targ
xchanger. To obtain a rough estimate the 20 K helium mass flow in these winding
led the overall 16.6 g/s 4K supply mass flow to the target by the ratio of the cros
nal areas of the pump motor tubing and the two layers of 4 K fin-tube in the hydroge
obtain an estimated 0.8 g/s. This small helium flow was returned to the ESR via th
g ESR warm return as shown in Fig. 5.
fortunately, because the pump motor housing was stainless steel, this technique w
ry effective at removing heat from the pump motor. The Baldor motor was positione
high point of the LH2 loop. This essentially isolated the motor housing providing
cive environment for vapor-lock to occur. Without direct cooling from LH2 or LH
arings overheated causing the race to fail and ultimately the failure of the bearin
blies.
response to this setback, two changes were made. First, new (440C) stainless ste
with Si3N4 ceramic balls and a torlon retainer were used, with tungsten disulfide,
bricant. These bearings provided a less effective seal between the pump motor and th
, which was useful for the second improvement: a short 1/4′′ bypass tube was adde
he top of the motor housing to the suction side of the pump providing a circulatio
nd preventing H2 vapor from collecting in the stator housing. The determination
ditional 150 W heat load associated with this hydrogen bypass is presented in Sec: 3.
eduction in pump head was negligible. By scaling the target LH2 flow by the ratio
oss sectional areas of the 1/4′′ hydrogen bypass and the 3′′ pipe used for the target
lation loop, we estimate about 1 g/s of hydrogen was diverted through the bypas
the total 1100 g/s circulating in the target loop. This was enough to keep the pum
e target operational for the remainder of the experiment.

uxiliary Systems

veral auxiliary systems were implemented to improve the operational performance an
of the target. The most important of these was a 500 W resistive heater clampe
4 K helium supply line in the scattering chamber, just before the HX. This heat
ted of a nichrome ribbon sandwiched between 2 layers of kapton, clamped to th
upply pipe with large copper blocks. The 4 K heater was connected to a Power Te
ower supply which was controlled by a feedback (PID) loop using one of the LH
ometers as input. If the LH2 temperature fell below a threshold value (typically 1
en up to 500 W of power was automatically applied to the 4 K heater to arrest th
LH2 temperature. This heater was especially useful during cooldown of the targe
the H2 was condensed, to help prevent H2 ice from forming on the 4 K sections
X. However it also proved useful on several occasions when compressor trips in th
esulted in sudden drops in the nominally 15 K coolant temperature, which had th
tial to lead to a dangerous freezing of the H2.
other system was put in place to help with the difficult cooldown of the target. Th
ted of a 4 K bypass valve in an external cold box which could be used to shunt the 4

24



Journal Pre-proof

coolan nt499

flow o e500

target501

An m502

freezin as503

alway e504

target a505

PID lo re506

fell be507

Fi n508

glides n509

system d510

was m K511

target 0512

W to513

2.8. M514

A e515

beam to516

positi d517

diagno518

To r”519

was em y520

hand re521

remov d522

these d523

to det 2524

cell as in525

the ex e526

desire527

A m528

axis v t:529

The s e530

top pl is531

actuat ds532

to ver ve533

vertic te534

was h 3535

horizo d536

to the ch537

3Tw 4
K cool
 Jo

ur
na

l P
re

-p
ro

of

t supply to its return path prior to the target. This facilitated greater 4 K coola
n the supply side, essential to cooling the transfer lines, without overwhelming th
’s 4 K HX section during cooldown.
other 4 K PID feedback loop acted as deep fallback to prevent the hydrogen fro
g in the target during off-normal events. Although a trained target operator w
s present when the target was condensed, this 4 K PID loop was meant to act if th
operator did not. A temperature sensor in the LH2 flow path provided the input to
op controlling the 4 K Joule-Thompson (JT) supply valve3. If the target temperatu
low 15 K, the PID would automatically step the 4 K supply valve closed.
nally, the 2-axis motion system for positioning the target on the beam axis relied o
and slides that were lubricated with vacuum grease. The temperature of the motio
therefore had to be maintained near 300 K in the scattering chamber vacuum, an

onitored with platinum resistors. To overcome the thermal conduction from the 20
to the motion system, another Power Ten DC power supply was used to supply ∼4
resistive heaters clamped to the motion system assembly.

otion System

motion system was implemented in order to position the LH2 target on and off th
axis, to study and determine the experiment’s optimum neutral axis, as well as
on a large number of solid targets on the beam for background measurements an
stics.
set the initial pitch, roll, yaw, and position along the beam line, a “cell adjuste
ployed which facilitated the positioning of the target cell and solid target ladder b

over a limited range when the ∼ 61 cm diameter scattering chamber access ports we
ed (with the target at STP). Use of flex hose [26] to connect the cell to the loop allowe
adjustments to be made independently of the rest of the loop. A laser tracker was use
ermine the target’s coordinates from pre-fiducialized tooling ball locations on the LH
well as the solid target ladder, in conjunction with long-established survey points
perimental hall. The cell adjuster was tweaked in an iterative process to achieve th
d results.
dynamic 2-axis motion system was built to remotely position the target on the bea
ertically and horizontally while the target was cold via the following basic arrangemen
haft of a precision linear actuator, from Danaher Motion, penetrated through th
ate of the scattering chamber via a differentially-pumped sliding vacuum seal. Th
or shaft attached to a horizontal stainless steel plate which was fixed at both en
tical guide rails. The plate was thus constrained horizontally, and could only mo
ally as the electric cylinder was extended or retracted. A second stainless-steel pla
ung from three guide rails which were affixed to the bottom of the first plate. These
ntal rails were oriented perpendicular to the beam axis. The lower plate was welde
top of a 1.57 m long, 20.3 cm diameter, 3.2 mm thick stainless steel pipe whi

o JT valves controlled the helium coolant flow to the target’s hybrid heat exchanger: one for the
ant supply, and one for the 15 K coolant supply.

25



Journal Pre-proof

suppo y,538

it carr e539

lower ly540

Q = A e541

pipe.542

2.8.1.543

Th el544

numb n545

them. ds546

to a t p547

plate548

Th 5-549

T41V or550

has a 0551

N, and n552

and a d553

to the d554

with m555

Th g556

chamb al557

fitted ly558

pump er559

motor e560

switch e561

top an562

2.8.2.563

As n-564

less p m565

direct re566

attach se567

rails h ls,568

there ll569

screw d570

been r571

Th d572

to ope ll573

screw n574

motor575

2.9. S576

Th u-577

lating d578
 Jo
ur

na
l P

re
-p

ro
of

rted the target loop at its lower end. When the lower plate was moved horizontall
ied the target with it horizontally, and when the upper plate was lifted, it carried th
plate and the target with it vertically. The heat lost to the environment was on
/l
∫ 300K

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

Vertical Motion System

e vertical motion system was formed from two vertical THK LM guide rails, mod
er HSR85-A of length 99 cm, which supported a horizontal stainless-steel plate betwee
These rails along with a pair of vertical steel I-beams were connected at their en

op and bottom ring (see Figure 31). The top ring was fixed to the bottom of the to
of the scattering chamber. The rails were packed with vacuum grease.
e vertical motion was achieved using a Thomson TC5 series electric cylinder (TC
-100-10B-600-MF1-FS2-B) with a T41V stepper motor from Danaher. This actuat
600 mm stroke with a 24 VDC brake on the ball screw, a thrust load capacity of 25,00
a quoted repeatability of ±0.013 mm. The ball screw has a pitch of 10 mm/revolutio
10:1 gear reduction. To minimize any side loading of the cylinder, it was connecte
upper stainless-steel plate via a sliding horizontal disk riding on ball bearings packe
olybdenum disulfide vacuum lubricant.
e electric cylinder was positioned above the center of the top plate of the scatterin
er (in air). The actuator shaft penetrated the scattering chamber via a sliding se
to the top plate. The sliding seal had two pairs of O-rings and was differential
ed between the O-ring pair. The actuator was controlled by an IDC S6961 stepp
drive controller which employed two pairs of end-of-travel limit switches and a hom
. In addition to the limit switches, each guide rail was fitted with hard stops at th
d bottom, set at the extreme limits of travel.

Horizontal Motion System

mentioned in the introduction to this subsection, the plate hung from the long stai
ipe supported two rails to allow ±5 cm of horizontal motion transverse to the bea
ion. Two THK LM guide rails, model number HSR35-M1A of length 34.3 cm we
ed underneath the table. Each rail had two blocks which attached to the plate. The
ad a basic load rating of 37.1 kN dynamic and 61.1 kN static. In addition to the rai
was a THK LM guide actuator model number KR46 with a 10 mm lead on the ba
to move the plate. The ball screw was attached to a 90◦, 10:1 gear box which ha
epacked with vacuum grease.
e gearbox was attached to a Phytron VSS-UHVC Cryo stepper motor. It was designe
rate in an ultra-high vacuum environment. A 24 VDC brake was attached to the ba
and there were also end-of-travel limit switches and a home switch. The Phytro
was controlled with the IDC S6961 drive.

cattering Chamber
e Qweak scattering chamber contained and supported the cold target loop in an ins
vacuum. It was composed of a rectangular lower half, a cylindrical upper half, an

26



Journal Pre-proof

a shor us579

experi e580

beam n581

hydro582

Th r.583

The u m584

flange er585

extend te586

from t e587

propy re588

the ga e589

beaml .590

Th n591

was co e592

GV w ty593

in the594

W to595

the ac h596

eight el597

config te598

tensile to599

50% o is600

186 M e601

allowa602

Al ss603

in eith g604

chamb605

An el606

tank e.607

Altho as608

the sc e609

isothe ll610

ruptu of611

the sc se612

could is613

instan d614

with t m615

could or616

due to617

2.10.618

Th d619

is the e620
 Jo
ur

na
l P

re
-p

ro
of

t transition piece in between. The upper and lower pieces were reused from previo
ments. The chamber was about 3.3 m high, with an inside width of 81 cm along th
axis. The vacuum in the scattering chamber was typically around 8× 10−7 Torr whe
gen was condensed in the target.
e electron beam passed through large 51 cm ports on the lower half of the chambe
pstream flange was equipped with a fast-acting gate valve (GV). The downstrea
was equipped with a custom made, explosion proof, all Aluminum 40.6 cm diamet
ed stroke GV with a 5 s closing time. The extended stroke was used to retract the ga
he small angle scattering region in order to improve the lifetime [27] of the ethylen
lene diene (EPDM) seals on the gate. Lead shielding provided in the region whe
te sat when retracted further improved the lifetime, according to simulations. Th
ine flanges were equipped with metal o-rings. Both valves were vacuum-interlocked
e 41 cm GV was closed whenever personnel were in the hall and the target hydroge
ndensed. The scattering chamber window was downstream of the GV- thus when th
as closed, the target effectively had no thin windows. This improved personnel safe
hall.
hen the GV was open during data-taking, all the scattered electrons which fell in
ceptance of the experiment passed through the open throat of the GV and throug
0.89 mm-thick Aluminum 2024-T4 vacuum windows arrayed in a spoked, wagon-whe
uration (matching the experiment’s acceptance) downstream of the GV. The ultima
strength (UT) of this material is 469 MPa- the window design is allowed to go

f this value. Finite element analysis calculations predicted the stress in the window
Pa when the differential pressure is 1 atmosphere in either direction, only 80% of th
ble stress.
though nominally a vacuum window, the window was designed to withstand this stre
er direction, since in the event of a cell rupture the pressure inside the scatterin
er could go as high as 198 kPa.
other integral part of the scattering chamber was the dump tank, a 4013 liter ste
connected to the scattering chamber via a short length of 15.2 cm diameter pip
ugh equipped with its own vacuum pump, it was part of the same vacuum system
attering chamber. The dump tank was meant to mitigate the pressure rise from th
rmal liquid-gas phase transition that would take place in the event of a target ce
re. In that accident scenario, the LH2 would suddenly find itself in the vacuum
attering chamber. The transition from liquid to gas and corresponding pressure ri
happen too quickly for the vent system to handle. So we assumed this transition
taneous, and provided enough passive volume to handle the pressure rise associate
he phase transition, keeping the system below half an atmosphere. The vent syste
then handle the relatively slow pressure rise associated with the warming of the vap
convective heat transfer with the walls of the system.

Gas Handling System

e Hydrogen gas connections were made on either side of the pump. The pump hea
measured differential pressure between these (divided by the specific gravity). At th

27



Journal Pre-proof

outlet of621

the sc e622

target e623

top co e.624

From e625

target rn626

lines, ly627

vertic d628

throug e629

Hydro m630

coolan631

W d632

throug d633

220′ a ks634

and t n635

the ta m636

tempe d637

about n638

with t se639

the LH re640

have n641

In ry642

relief d643

outdo to644

the ex d645

the in 1′′646

H2 su st647

disk.648

Th nt649

was th e650

fast-a re651

provid d652

earlier to653

gas in 2′′654

check e655

scatte el656

plate d657

to thi s.658

A as659

used t s,660

and cl 2661

invent662
 Jo
ur

na
l P

re
-p

ro
of

side of the pump, a 1.5′′ flex line was connected to a feedthrough on the top plate
attering chamber which led back to the target gas panel via 1′′ tube. This was th
supply line. On the suction side of the pump, between the pump and the HX at th
rner of the loop, a 3′′ tee provided a cold 3′′ relief tube to the outside of the top plat
there a 2′′ tube was used to the gas panel. To accommodate the full ≈ 2′′ range of th
’s vertical motion, there was a 180◦ fitting midway along both the supply and retu
such that the lines were mostly horizontal when the target was raised, and most
al when the target was lowered. The top of the relief tube was warm, and connecte
h a short flex hose to hard piping leading back to the target gas panel, and on to th
gen ballast tanks (22712 STP liters total) stored outdoors. The 4K and 15K heliu
t supply and return lines were implemented in a similar fashion.
henever the target was condensed, the target H2 gas supply and return were connecte
h a 2′′ check valve which allowed gas flow to the outdoor H2 ballast tanks locate
way via 2′′ pipe. A small 1/4′′ solenoid valve was kept open between the ballast tan
he target to insure the pressure in the tanks and the target was the same. Whe
rget was being filled the 2′′ check valve was bypassed. When the target was at roo
rature the pressure in the system was typically about 60 psia, and when condense
33 psia. Since the ballast tanks were outdoors, there was a diurnal pressure variatio
he outdoor temperature of ±1 or 2 psi, and a slower response with the season. Becau

2 in the target can be considered an incompressible fluid, these changes in pressu
egligible effect on its density.
dependent primary and secondary relief paths were implemented. The 2′′ prima
path was inerted with 1 psig of helium to an elevated parallel plate relief valve locate
ors 150′ away from the gas panel in Hall C. It was connected through check valves
haust of the mechanical pump that served the gas panel, and the pumps that provide
sulating vacuum in the scattering chamber. It was also connected to the target’s 3
pply and 2′′ return through a 60 psig 2′′ relief valve in parallel with 25 psig 2′′ bur
A check valve separated this relief tree with the parallel plate relief outdoors.
e secondary containment for the H2 in the target in the event of a cell rupture accide
e scattering chamber, isolated from thin windows by the vacuum interlocks on th

cting gate valves upstream and downstream. A secondary relief system was therefo
ed to deal with this kind of accident scenario. The 1060 gallon dump tank discusse
would limit the pressure rise associated with the H2 phase transition from liquid
the scattering chamber’s former vacuum space. A 4′′ relief tree consisting of three
valves and an 8 psig 4′′ rupture disk acted as this secondary relief. It connected th
ring chamber via a dedicated long 4′′ diameter nitrogen-inerted vent line to a parall
relief vent outdoors. Finally, the H2 supply and return lines were also each connecte
s same secondary parallel plate relief valve through independent 80 psig relief valve
vacuum switch controlled by a scattering chamber vacuum pressure transducer w
o shut down all the relevant electronics which could act as potential ignition source
osed a solenoid valve to isolate the H2 ballast tank and prevent the large outdoor H
ory from being dumped into the scattering chamber.
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Loop Instrumentation

n ports with 7 cm conflat flanges were provided on the top plate of the scatterin
er to bring signals or power in and out of the vacuum space of the scattering chambe
re transducers were located on the target gas panel about 30 m from the target itse
of temperature sensors were located at 5 positions in the loop. Going clockwise aroun
op looking downstream (see Fig. 11), these were the pump outlet/heat exchang
the heat exchanger outlet/cell inlet, the cell outlet, the heater inlet, and the heat
/pump inlet.
ese temperature sensors (TS) were calibrated negative temperature coefficient thi
K-100K Cernox CX 1070 SD 4D resistors (4K-100K) or CX1070 SD-4L (4K-325K
ted on a G10 stalk affixed to a ten pin CeramTec 10236-02-CF feedthrough. Th
rough was mounted to a standoff on the loop via a 3.4 cm mini-conflat seal. The
re rated for 3.4 MPa, 2 kV, and 7 A per 1.57 mm diameter pin. Two resistors we
ted on each stalk for redundancy. A standard four wire connection was made for ea
eliminate the resistance of the lead wires from the measurement. The stalk put th
rs well into the flow space of the loop. One of the five TS was accurate at roo
rature, and was used to monitor the cooldown and warmup processes. It was situate
top right corner of the loop (pump outlet) where it also indicated when the targ
ll at the end of a cooldown. This layout provided redundant thermometry across ea
element of the loop: cell, heater, pump, and HX. The TS at the cell entrance w
ally used to control the target temperature; however, in principle, any of the oth
ons would serve this purpose equally well.
addition to the TS’s employed in the LH2 loop, three Cernox TS’s were used
or each of the two coolant circuits. In each case a TS monitored the coolant supp
rature before the Joule-Thompson (JT) valve, after the JT, as well as the coola
.
sides the Cernox resistors, generally considered accurate to 20 mK, a number of u
ated, less accurate PT-103 platinum resistors were also employed at the horizont
n motor, the dummy target frame in several locations, and the lifter plate.
e 60V, 50A Sorenson high power heater power supply cable was brought to a Cer
c 18099-08-CF 4 pin, 500V, 46A/pin 3.4 MPa, 7 cm conflat feedthrough on the to
of the scattering chamber. From there heavy gauge wire brought the power through th
m of the scattering chamber to a CeramTec 17069-08-CF 4 pin, 55 A 2.4 mm diamet
0,000 V, 10.3 MPa feedthrough on a 7 cm conflat. Inside the loop, the connection
ur heater coils (designed to be arranged as two independent heaters in parallel) w
with a welded connection.
ere were three pump leads plus a dedicated ground. The vacuum feedthrough used w
4-09-CF700V, 7A/pin 3.4 MPa 10 pin feedthrough. The pump tachometer provide
gnal lines.
e horizontal motion Phytron stepping motor required five leads. The vacuum pe
n for these was a ten pin, CermaTec 3.4 MPa 700V, 7 A per 1.6 mm diameter p
rough. The leads connected directly to the motor. The two wires from the 24
on the horizontal motion gear reducer shaft also used this feedthrough. Signals fro
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veral limit switches associated with the horizontal motion system fed through one
l 35 pin vacuum feedthrough connectors on the top plate of the scattering chamber

GUIs

e target was controlled with a number of Graphical User Interfaces (GUIs). Th
GUI is shown in Fig. 11 along with typical temperature, pressure, heater power, pum
on frequency, coolant supply parameters, beam current, raster size, vacuum, as well
selection and position vertically and horizontally. The parameters shown in Fig. 1
ent conditions with 180 µA of 4 × 4 mm2 beam rastered on the LH2 target. All th
eter values shown in the GUI were color coded (green, yellow, red, white) to indica
er they were (respectively) within a their pre-determined safe range, slightly outsid
fe range, well outside their safe range, or if their readout had failed. In addition
nt color, an audible alarm sounded when any of these parameters was not within i
nge.
om the main GUI all the secondary GUIs could be launched. These covered summari
temperature and pressure sensors, predetermined target position values, details
Cs, heater power, pump, ESR status, JT valve status, and safe beam current an
arameters for the LH2 target and each of the 24 solid targets, as well as the alar
er system, and stripcharts for all of the most relevant parameters to monitor durin
periment.

Solid Target System

extensive system of 24 solid targets was contained in an assembly (see Fig. 9) attache
bottom of the LH2 target cell.
ese targets were arranged in three arrays. One array was composed of various comb
s of foils in 2 rows and 3 columns at 5 (z) positions along the beam axis between th
am (entrance) and downstream (exit) LH2 cell windows. The combinations of “opti
s” in this array were used to aid the development of vertex reconstruction algorithm
second, upstream array of 12 targets arranged in 4 rows and 3 columns was situate
same (z) location along the beam axis as the upstream window of the target ce

ise, a downstream array of 6 targets arranged in 2 rows and 3 columns was locate
z of the exit window of the LH2 cell. These two arrays were used for backgroun
ction of the upstream and downstream aluminum cell windows of the LH2 targe
ent thickness aluminum background targets were provided in both the upstream an
tream matrices to get a handle on radiative corrections. Targets of pure aluminum
and thin carbon targets, and beryllium were also provided. Other targets in the
were used to measure the relative location of the beam and the target system usin
viewer, and thin aluminum targets with various size holes in their centers.
ese latter targets, in particular, were crucial to establishing the optimal horizont
ertical position of the target system with respect to the beam. Thin aluminum “ho
s” with 2 mm × 2 mm square holes punched out of their centers were moved into th
The beam position was dithered typically in a 4 mm × 4 mm pattern at the targe

urrent in the dithering magnets was digitized so the beam position inside this patte
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9: The solid target ladder. There are four rows and 3 columns of upstream positions on the l
figure. Each of the 12 square openings visible on this (upstream) face of the 1.9 cm thick frame w
5 mm2. There are a further two rows and three positions of different patterns of five foils on t
of the ladder. The two rows and three columns of downstream target positions are behind the fram

upper right of the figure.

nown at any given point in time. Beam electrons which passed through the holes
targets created no triggers in the experiment’s detectors. However, electrons whi
the hole could be scattered into the detectors, creating an event trigger and th

mensional profile of their position at the target using the dithering magnet current
profiles provided precise maps of the shadows left by the target hole relative to th
ed beam position such as shown in Fig. 10. By measuring the hole profiles at bo
stream and downstream z locations, the x, y, pitch, roll, and yaw of the extende
could be accurately determined. Offsets in x and y could be corrected in real tim
the two-axis motion system, but due to the extended target length of the LH2 ce
and yaw corrections were problematic. Indeed, the hole target measurements mad
he initial cooldown of the target revealed an unexpected 4 mm pitch which occurre
cooldown. Prior to subsequent cooldowns, the target was pre-pitched in the opposi

ion by this amount, and subsequent hole profiles revealed the cold pitching had bee
sfully corrected. The success of the target positioning achieved using the hole targe
nfirmed after the experiment by inspection of the spots left by the beam on the targ
indows as well as the solid targets, which were in all cases within 1 mm of the cent
h respective target.
extensive effort went into the design of the solid targets and their frames to opt
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10: Profile of the beam position on the hole target. The central area devoid of events represents t
× 2 mm hole in the target illuminated by a 4 mm × 4 mm dithered beam.

eat conduction in order to use as much beam current as possible for the backgroun
rements, and to ensure that the acceptance associated with the background targe
upstream frame was not obstructed by the optics targets or by the downstream ta
ame. CFD simulations augmented analytical calculations which optimized the he
er between the center of each target where the beam heating occurred, and the co
oir of the LH2 cell.
ch of the 18 (non-optics) targets in the upstream and downstream frames was 2.54 c
, and was dropped into 2.71 cm square pockets machined just 1.3 cm deep in 1.9 c
aluminum frames. By providing a smaller 1.5 cm square opening only 0.6 mm dee
opposite face of each pocket, 2/3 of the surface area of one face of each target was
al contact with the frame. The side of the frame with the larger pockets was threade
m deep (1.25′′-12 UNF) to accept 31.8 mm diameter aluminum threaded pipe (22 m
hich pushed each target into its pocket against the lip at the boundary of the tw
nt-sized squares. This lip provided the mechanical contact necessary for good he
ction from each target to the frame. The heat transfer from the center of each targ
udied using CFD simulations, and benchmarked against measured temperatures
s locations in the target ladder assembly as the beam current was raised on ea
.

erformance

e equilibrium performance of the target with 183 µA of beam is summarized in Fig. 1
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11: A typical snapshot of the target control graphical user interface (GUI) during the experimen
g the coolant parameters as well as some of the instrumentation values around the hydrogen recirc
loop.

ooling power budget

e cooling power was measured with Cernox thermometers in the coolant flow at th
nd outlet of the HX, downstream of the JT valves used to control the flow of ea
. The 4K and 15K coolant massflows, supply and return pressures were measure
nstrumentation at the JLab End Station Refrigerator (ESR). Typical conditions a
arized in Table 6. These correspond to a cooling power of 1486 W on the 15 K circu
739 W on the 4 K circuit, for a total cooling power of 3225 W.
e other side of the ledger consists of the various heat loads on the target, which a
arized in Table 7 for conditions when there was 180 µA of beam on the target. Th
pump was running at 29.4 Hz, producing a head of 10.5 m and a LH2 mass flow
g/s.
e beam power (see Eq. 6) of 2075 W accounts for the ionization energy deposited
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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

: Coolant properties obtained after the Moller polarimeter superconducting solenoid was offline f
days. Therefore the parameters in the table reflect those for the LH2 target only. The HPH was 22
the beam off, and 260 W with the beam on at 180 µA. P and T refer to pressure and temperatu

fers to enthalpy change.

.5 cm long LH2 target determined for a 180 µA electron beam, accounting for th
y effect. It uses the density ρ=71.8 kg/m3 at the operating conditions of the targ
, 32 psia). The power deposited by the beam in the thin aluminum windows of th
cell ( 0.23 mm combined thickness) was only 23 W. The 177 W viscous heating (s
) was determined from the measured pump head (10.5 m) and capacity (1.2 kg/s
0 W table heater, discussed in Sec. 2.7 kept the components of the motion syste
m temperature. The heat loss associated with conductive and radiative losses to th
e environment were estimated from the amount of time (∼2 days) the target took
up to room temperature from 50 K once the coolant supplies were shut off. Togeth
he estimated cold mass (300 kg), and an average value for the heat capacity (36
), the losses were Q = mCp∆T/time = 160 W. The 260 W average reserve heat
was maintained at all times to control the target temperature when the beam was o
H2 bypass heat load used to help cool the pump motor was discussed in Sec. 2.6.2.
e pump heat load associated with the 1/4′′ hydrogen bypass discussed in Sec. 2.6.2 w
ined from measurements of the heater power as the pump speed was varied. Sin
rget temperature was kept fixed at 20.00 K by a PID loop, the heater power change
atically to compensate for the changes in the pump motor heat load and the visco
g in the loop. The viscous heating can be calculated from the measured volume flo
ump head at each pump speed, so it can be subtracted from the observed chang
heater power to arrive at the pump motor heat load. Typical results are shown
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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

: Target heat loads. Some were measured, others were estimated, as described at the end of Sec. 3

2. They indicate the heat load from the pump motor at 30 Hz is about 150 W.
check this result, the ∆T across the pump was used to calculate the pump powe
ethod has a large uncertainty, because the changes in ∆T are only of order 10 mK

that caveat, however, by averaging both the pump inlet and outlet temperatures th
motor power obtained with this more uncertain method was also about 150 W at 3

e estimated total cooling power presented in Table 6 is within 350 W of the estima
in Table 7 for the heat loads associated with the target. The entries in Table 7 we
ined as follows: The beam power in the LH2 and the windows was calculated, an
to be in good agreement with the change in the heater power with beam on and o
iscous heating was estimated from Pviscous = Capacity(l/s) Head(Pa) / ϵ = 178 W for
ate (capacity) of 17.4 l/s determined by measurements described in Sec. 3.2, a head
a measured with a differential pressure gauge, and a pump efficiency of 72% estimate
q. 13. The radiative losses were crudely estimated from warmup times described abo
s section. The table heater power was measured from its power supply. The pum
s heat estimate is described in this section Sec. 3.1, and estimated from Fig. 12. Th
e heater power was directly measured from the heater power supply when the bea
n. Massflows, in particular, are not considered very reliable, so the ≈ 10% agreeme
en the cooling power and heat load totals is reasonable.

ass Flow Measurements

e LH2 mass flow was determined by measuring the temperature difference ∆T acro
eater. The target loop was designed with this measurement in mind, so pairs
ometers were situated on opposite sides of the heater (as well as before and after th
xchanger, and after the cell). The mass flow ṁ can be derived from the relationshi

ṁ(kg/s) =
Q(W)

Cp(J/kg-K) ∆T (K)
. (1

pecific heat of LH2 at 20 K and 221 kPa is 9425 J/kg-K (note that CP ≈ 5.2 J/g-
lium in our thermodynamic range). The heater power Q was determined from th

35



Journal Pre-proof

Figure d.
The bl m
current ed
line) a at
each pu us
heat lo er
curve, of
30 Hz,

outpu .843

The t y-844

nitrid or845

tempe w846

measu s,847

the m nt848

power849

5)

where e850

heater e851

mass e852

volum e853

pump854

3.3. P855

Th z856

using es857
 Jo
ur

na
l P

re
-p

ro
of

0 5 10 15 20 25 30 35
Pump Speed (Hz)

0

100

200

300

400

500

600

Po
we

r (
W

) HPH
Viscous
HPH+Viscous
Motor

12: Measurements of the heat load associated with the pump as a function of the pump spee
ue circles (fit: dotted line) are the high-power heater (HPH) power measured with 180 µA of bea
rastered 4 × 4 mm2 on the target as the pump speed was varied. The green squares (fit: dash

re the viscous heat load calculated from the measured pump head and linearly-scaled mass flow
mp speed. The red diamonds (fit: solid line) represent the sum of the heater power plus the visco
ad. Finally, the purple stars (fit: dashed-dotted line) are subtracted from the intercept of the latt
yielding the pump heat-load without the effect of viscous heating. At the operational frequency
the pump heat load was about 150 W.

t current and voltage of the heater power supply, which is assumed known to 10%
hermometry consisted of negative temperature coefficient thin-film zirconium ox
e semiconductor diodes (Cernox resistors [28]). The stability of the Cernox resist
rature measurements is 0.08% [29], and dominates the uncertainty in the mass flo
rement. To eliminate potential offsets in the temperature and power measurement
ass flow was determined from the difference of measurements obtained at two differe
levels (Q1=2261 W and Q2=274 W) via

ṁ =
Q1 −Q2

Cp (T in
1 − T out

1 − T in
2 + T out

2 )
, (1

the superscripts in and out denote temperature measurements before and after th
. The temperature factor in parentheses in Eq. 15 amounted to only 170 mK. Th
flow determined from the average of many such measurements was 1.2±0.3 kg/s. Th
e flow corresponding to the LH2 density of 71.3 kg/m3 was 17.4 ± 3.8 liters/s. Th
speed during these measurements was approximately 29.4 Hz.

ump Head

e head was directly measured to be 7.6 kPa at the nominal pump speed of 30 H
a differential pressure gauge across the hydrogen supply and return lines. These lin
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cted to the target loop on opposite sides of the hydrogen pump. An Orange Resear
1073 0-5 psid differential pressure gauge provided an analog readout of the pump hea
target gas panel.
Omega Engineering PX771A-300WCDI differential pressure transducer provided a

t that was digitized and monitored during the experiment. In addition, the electro
was automatically shut off if the pump head dropped below a preset threshold. Th
tion was put in place due to the concern that in the event the hydrogen pump trippe
e convective cooling at the windows of the target cell could be insufficient to preve
am from eventually melting through the windows, even though the power deposite
180 µA beam in the 0.127 mm thick cell exit window was only 13 W.

ulk Density Reduction

lk density reduction characterizes the dynamic equilibrium density reduction (effecti
ess) of the target due to heating of the LH2 by the beam in the interaction regio
zed heating can form bubbles of hydrogen vapor in the beam interaction region. No
ed heating of the LH2 can also contribute. A good rule-of-thumb is that a 1
se in the average temperature (near our operating conditions) corresponds to a densi
ion ∆ρ/ρ ∼ 1.5%. This effect increases the running time required to reach a give
ical goal for an experiment.
nsistent measurements of the bulk density reduction were difficult to obtain over th
range of beam currents used in this experiment. Detector and BCM non-linearity,
s pedestal shifts, contributed to this difficulty, especially below 50 µA. Results we
ed parasitically during BCM calibrations in which the beam current was raised an
owered in ∼ 20µA, 1-minute-long steps between 20−180µA alternated with 1-minut
eam-off periods, shown in Fig. 13. These provided an estimate for the bulk boiling
0.8% per 180 µA- the 100% uncertainty accounts for the inconsistencies.
check this result, detailed CFD simulations were performed, which were first benc
d using the G0 target [5] geometry. The simulations predicted the G0 target densi
ion should be 1.1 ± 0.2% over 40 µA. The measured result reported in Ref. [5] w
0.2% at 40 µA, in excellent agreement with the CFD simulation. Therefore the bu
y reduction of the Qweak target (and its uncertainty) was taken as the CFD predictio
the Qweak target geometry: 0.8%± 0.2% at 180 µA.

ransient density changes

ansient changes in density occur in response to a loss of incident beam when an acce
g cavity trips off, for example. These trips occurred typically 5 times per hour. Th
rtional-differential-integral (PID) feedback loop that constantly adjusted the resisti
to maintain the target temperature at 20.00 K raised the heater power to compensa
loss of heating from the beam, and reduced the heater power when the beam returne

2 kW were shuffled between the beam and the heater when the beam tripped off fro
A. To improve the target temperature response to such a large change in condition
D feedback also looked at the beam current, and increased the PID heater power ste
hen big changes were observed in the beam current.
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13: The charge-normalized detector yield (red circles) in arbitrary units measured at different bea
s during a beam current calibration. The beam current monitors were linear above about 50 µ
the slope could be fit (solid blue line) to characterize the density reduction as the beam current w
From the fit the relative change in yield between 0 and 180 µA is 0.8%.

e temperature response to a typical beam trip (174 µA, pump at 30 Hz, raster 4×
is shown in Fig. 14. The maximum temperature excursion reached when the bea
lly restored was about 80 mK. The magnitude of this excursion dropped to 30 m
about 20 s of full beam restoration, and took another 120 s to completely subside. Th
rature excursion was about 160 mK when the beam tripped off, but this is irrelevant
since without beam, no data were recorded. In fact the event analysis only occurre
the beam current was above a threshold (typically 130 µA) close to the nomin
ting current at the time. These small beam-trip temperature excursions were slo
red to the helicity reversal frequency, so they contributed only marginally to th
etry width and were not considered a problem beyond the loss of data-taking efficien
epresented.

rtho-to-parahydrogen conversion

room temperature, normal hydrogen is a mixture of 25% parahydrogen (with th
r spins of the two hydrogen atoms in the hydrogen molecule antiparallel), and 75
ydrogen (spins parallel). At 20 K, the equilibrium concentration of parahydroge
9.8%. In the work presented here, including the CFD design calculations describe
, the assumption was made that the target was parahydrogen.
though the conversion from ortho-to-parahydrogen can take years, the conversion tim
e dramatically shortened [30] to a scale of less than a few days in the presence of
st like iron oxide, i.e. rust. Much of the target loop and its components were stainle
eldments, and with that unavoidably comes rust, trace amounts of which were visib
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14: Target temperature (solid blue line, right axis) response to a sudden trip in the beam curre
d red line, left axis) as a function of time. The damped temperature oscillation settles out to with
of the 20.0 K goal temperature (black dash-dot line) within about 20 s of full beam restoration
.

loop plumbing joints. Paramagnetic centers such as are naturally present on th
es of the stainless steel loop have also been shown [30, 31] to catalyze the ortho/pa
tion to reasonable time scales, by flipping the spin of the hydrogen nucleus nearest th
agnetic surface.
take more advantage of this mechanism we subjected the hydrogen flow to stron
tic field gradients by placing four 1” long N52 neodymium bar magnets around th
e of the 3” diameter pipe of the target loop between the pump and the HX (see Fig. 1
end opposite to the target cell, about 2.5 m from the cell. The polarities of the 4 ma
ere alternated in a quadrupole scheme along and opposite to the direction of LH2 flow
a Hall probe (at STP) placed two cm radially outward from the magnets, we me
160 G. At various locations around the target cell we measured between 1.5-2 G ne
but only about 1/2 G (the earth’s field at JLab) away from welds. Taken togethe
features support our assumption that within days of any given target cooldown, w
d the 20 K equilibrium concentration of parahydrogen (≈ 100%), especially given th
orced convection circulation time of just a few seconds around the target loop.
ere are two aspects of this assumption that warrant comment: density and polariz
The change in density between normal and parahydrogen [13] at 20 K and 32 psia
. If the ortho- to-para conversion takes a long time (weeks or years), we don’t ca
se that’s slow compared to the helicity reversal rate of 960 Hz. If the conversion is ve
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just hours, we don’t care either because the experiment lasted thousands of hour
worst-case (but realistic) estimate, we assume the conversion takes 1 day. Then ov
ay the asymmetry measured in the experiment would change 2 ppb/s from the chan
sity or 0.02 ppb per 1-ms-long helicity window, which is negligible relative to the Qwe

ment’s result of −226.5± 9.3 ppb, and the year-long time scale of the experiment.
e other aspect to consider is polarization. It’s of course not an issue for parahydroge
se it has zero net spin, but is worth examining for orthohydrogen. The thermal equili
olarization of 20 K protons in 0.67 G (earth’s field) is P = tanh (µpH/(kT )) = 3×10−

g the worst-case assumption of 100% analyzing power, normal hydrogen could pote
contribute a background asymmetry of as much as 2 ppb, a shift of 0.2 standa
ions in the Qweak result. However, we consider the assumption of normal hydroge
orthohydrogen) unrealistic at our operating temperature of 20 K, given the orth
ahydrogen catalysts we had, and the fact that the target remained at 20 K after
wn for months at a time during the experiment.

rget Noise

nsity fluctuations in the LH2 that take place near the beam helicity reversal frequen
z) are called target noise, or more loosely, target boiling. This phenomenon can b
seen in the variation of the (charge-normalized) detected scattered electron yie

ime. In Fig. 15 the time-dependence of these yields is plotted at two different rotatio
ncies of the liquid hydrogen pump, in other words, at two different average LH2 flo
ties in the interaction region. At the higher flow velocity used during normal operatio
target in Fig. 15, boiling is reduced relative to the lower velocity used in Fig. 15 whi
the LH2 more slowly across the beam axis, allowing it to warm up more. The bri
s, ∼ 2% drops in the 12 Hz yield visible in Fig. 15 are associated with densi

ations forming along the path of the electron beam in the liquid hydrogen.
e following sections describe several independent methods used to measure the targ
∆A tgt , which all yield consistent results. We nominally change one independe
le at a time (beam current, LH2 recirculation pump speed, beam raster size, etc.) an
e the change in the dependent variable ∆A qrt , the asymmetry width measured ov
y quartets. The latter is assumed to be comprised of the sum in quadrature of a fixe
nent and the target noise contribution ∆A tgt.

urrent scan

e most difficult method used to determine the target noise ∆A tgt involves changin
eam current, because of course both the statistics and the Beam Current Monit
) resolution also depend on beam current. We model the beam current dependence
easured helicity-quartet detector asymmetry width as follows:
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15: Behavior of the charge-normalized detector yield over 10 seconds for data acquired at t
l 28.5 Hz LH2 pump speed (solid blue line) and at 12 Hz (dotted red line). At the nominal 28
ation frequency of the LH2 recirculation pump, the detected scattered electron yield is reasonab
t with time. At the lowered pump rotation frequency of 12 Hz, the effects of target noise (densi
tions) appear as significant drops in detected yield (as much as ≈ 3%) with time. The beam curre
ster size were the same for each of the two plots in this figure (180 µA, 4× 4 mm2).

∆A qrt =

√(
a√
I

)2

+

(
b

I

)2

+ (cIe)2 + d2

=

√
(∆A stat)

2 + (∆ABCM)2 + (∆A tgt)
2 + (∆A excess)

2. (1

e coefficients a, b, c, and d represent the counting statistics, BCM noise, targ
and other fixed (current-independent) excess contributions, respectively, to the qua
mmetry width ∆A qrt. The functional form of Eq. 16 reflects the usual 1/

√
N countin

ics, BCM noise inversely proportional to beam current, and through the addition
eter e the unknown exponent governing the dependence of target noise on beam cu
The five parameters were determined by fitting the measured ∆A qrt at eight differe
currents I from 50-169 µA. The measurements were performed with the LH2 recirc
pump speed fixed at 30 Hz and the raster dimensions fixed at 3.5 × 3.5 mm2 at th
. Note however that for most of the experiment, the raster dimensions at the targ
.0× 4.0 mm2.
e ∆A qrt measurements and the five-parameter fit are shown in Fig. 16, along with th
noise term ∆A tgt extracted from Eq. 16. The coefficient of determination (R2) of th

41



Journal Pre-proof

fit is 1 7987

ppm w th988

e = 2 d989

the B d990

indep et991

noise 2
992

(raste 2
993

raster et994

noise995

Figure m
current he
dashed re
from th ng
that te

4.2.996

Th th997

the ho er998

[1] con d999

parax at1000

≈ 25 k e1001
 Jo
ur

na
l P

re
-p

ro
of

.00. The fit coefficients are a = 2996.5, b = 5995, c = 5.49 × 10−5, and d = 125.4
ith I in µA. The fitted exponent e is 2.715. Reasonable fits can also be obtained wi
or 3. Extrapolating the fit to 180 µA, the statistical width ∆A stat is 233 ppm, an
CM noise ∆ABCM = b/I = 33 ppm is reasonably similar to the ∼ 40 ppm determine
endently from the BCM double difference method described in Ref. [1]. The targ
component ∆A tgt = cIe = 73.1 ppm at 180 µA, 30 Hz (pump), and 3.5 × 3.5 mm
r). Scaled quadratically (using the results obtained in Sec. 4.2) to the 4.0× 4.0 mm
area used for most of the Qweak measurement, the predicted 30 Hz, 180 µA targ
would be ∆A tgt = 56 ppm.
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16: The detector asymmetry width ∆A qrt measured over helicity quartets at different incident bea
s (blue circles, left axis) with the LH2 recirculation pump at 30 Hz, and a 3.5× 3.5 mm2 raster. T
blue line is a fit to these data using Eq. 16. The target noise term ∆A tgt extracted in quadratu
e fit at each beam current is shown as the red squares (right axis), along with the fit representi
rm (solid red line).

Raster scan

e nominally 250 µm diameter incident electron beam was rastered (dithered) in bo
rizontal and vertical directions to reduce the power density at the target. The rast
sisted of 2 pairs of air-core coils, (two horizontal, and two vertical), which produce
ial displacements of the beam up to 5 × 5 mm2. The raster magnets were driven
Hz, with 960 Hz difference between the x & y excitations so the raster completed on
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ttern every 960 Hz helicity window. Increasing the area of the beam at the targ
s boiling associated with the beam’s ionization energy loss in the aluminum entran
it windows as well as the temperature rise in the LH2 in the interaction volume. Th
size thus presents another knob which can be turned to determine the target noi
, independently of the beam current.
contrast to the beam current scans discussed in Sec. 4.1, raster scans are not affecte
anging counting statistics or BCM resolution. However, eventually at large enoug
areas second-order effects can arise due increased beam halo and corresponding bea
ng on collimators and flanges. Smaller raster areas can become dangerous since eve
the aluminum target cell windows could melt. For the scans presented in Fig. 1
dimensions between 3 and 5 mm were studied at 2 different beam currents. The me
helicity-quartet asymmetry width ∆A qrt at each raster area was assumed to consi
quadrature sum of a fixed term and the target noise term ∆A tgt which was assume
inversely proportional to the raster area:

∆A qrt =

√
a2 +

(
b

Area

)2

, (1

Area represents the area of the nominally square raster on the face of the target.
e fits shown in Fig.17 made use of Eq. 17. The fit parameters are a = 268.5 ppm
3.8 ppm-mm2 for the 169 µA data, and a = 224.9 ppm, b = 826.6 ppm-mm2 for th
data. The coefficient of determination (R2) for each fit is 0.95 and 0.99, respectivel

cting the target noise term ∆A tgt = b/Area using Eq. 17 at the nominal 4 × 4 mm
area used for most of the experiment, we obtain 42.1 ppm at 169 µA and 51.7 ppm
A. Scaling the 169 µA target noise result to 182 µA using the the exponent e = 2.71
ined in the previous section (Sec.4.1) which established the dependence of ∆A tgt o
current, the 42.1 ppm grows to 51.5 ppm, in good agreement with the measured resu
µA of 51.7 ppm.

Pump speed scan

e cleanest way to measure the target noise contribution is to vary the LH2 recirculatio
speed, because nothing else changes except the target noise term. As before, w
terize the measured quartet asymmetry widths ∆A qrt as the sum in quadrature of
term independent of the pump speed, and a target noise term term ∆A tgt inverse
rtional to the pump speed f .

A qrt =

√
a2 +

(
b

f

)2

. (1

. 18 we compare asymmetry width measurements made with three different rast
urations of similar area, but different horizontal and vertical (x & y) dimensions: 4×
5× 3 mm2, and 3× 5 mm2. The fits return (a, b, R2) of (231.4, 1351.5, 0.98), (231.
, 0.99), and (229.4, 1570.3, 0.99) respectively. Note that the fixed term, a, returne
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17: Upper: The detector asymmetry width ∆A qrt measured over helicity quartets at 169 µA (bl
and dashed line ) and 182 µA (red squares and solid line) as a function of raster size at the targ
e LH2 recirculation pump at 30 Hz. Fits to these data using Eq. 17 are shown for each beam energ
The target noise term ∆A tgt extracted in quadrature from the data in the upper figure at 169 µ
ircles) and 182 µA (red squares) as a function of raster size at the target with the LH2 recirculati
at 30 Hz. Fits to these data are shown for each beam energy.

he fits is about the same for each raster configuration. The 4×4 and 5×3 mm2 resul
in Fig. 18 look very similar, indicating that increasing the raster x-dimension fro
mm in the direction of the LH2 flow across the beam axis didn’t negatively impa
rget boiling. Moreover, the decrease of the raster height in the vertical direction fro
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18: Upper: The detector asymmetry width ∆A qrt measured at 170 µA over helicity quartets wi
aster dimensions of 4×4 mm2 (blue circles), 5×3 mm2 (red squares), and 3×5 mm2 (green triangle
nction of the LH2 recirculation pump speed. Fits to these data using Eq. 18 are shown for each rast
ion as solid, dashed, and dotted lines in the corresponding color, respectively. Lower: The targ
erm ∆A tgt extracted in quadrature from the ∆A qrt data in the upper figure with the same symbo
e types used in the upper figure.

mm didn’t make much difference either. However, decreasing the raster x-dimensio
to 3 mm in the flow direction did have a detrimental effect on the target noise, eve

h the vertical raster dimension increased to 5 mm. This indicates that the canonic
raster x-dimension is about optimal for target noise in the Qweak target, and chang
vertical dimension about 4 mm are unimportant at the 1-mm-scale. The extracte
noise at each of these three raster configurations is scaled to a common raster size
2, pump speed of 28.5 Hz, and beam current of 180 µA in Table 8.
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19: Upper: The detector asymmetry width ∆A qrt measured at 180 µA over helicity quartets
ion of the LH2 pump recirculation speed with the LH2 temperature at 19 K (blue circles), 20
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these data using Eq. 18 are shown for each target operating temperature as solid, dashed, dotted a
otted lines in the corresponding colors. Lower: The target noise term ∆A tgt extracted in quadratu
e data in the upper figure with the same symbols and line types used in the upper figure.

Temperature dependence

re we explore how the target noise ∆A tgt is affected by what operating temperatu
H2 target is held at. Eq. 14 says that the cooling power is proportional to ∆T , th
nce between the coolant supply and return temperatures. According to Table 6, th
” supply temperature was 14.8 K, and the return temperature was of course close

2 operating temperature. So for the 15 K component of the cooling power, ∆T vari
bout 4.2 K for a target maintained at a LH2 temperature of 19 K, to a ∆T ≈ 7.2
arget held at 22 K, a factor of 1.7 improvement in cooling power. The impact on th
oling power is only a factor of 1.2. However it’s clear that maintaining enough coolin
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for these temperature studies is more challenging at 19 K than at 22 K.
though the cooling power improves with higher target operating temperature, th
noise gets worse as the temperature of the LH2 target rises closer to its boiling poin
e typical LH2 operating pressure of 220 kPa, the target is 3.2 K sub-cooled at a
ting temperature of 20 K, but only 1.2 K sub-cooled at 22 K.
explore how the target noise is affected by different LH2 operating temperature
scans were performed at 19, 20, 21, and 22 K. The measured asymmetry widths an
ted target noise results are shown in Fig. 19. The fits presented in this figure we
med using Eq. 18.
Fig. 20 the results for the target noise ∆A tgt are shown as a function of the LH
ting temperature T (LH2) for the nominal pump speed of 28.5 Hz. The 2-parameter
se four temperatures was performed using

∆A tgt = a exp [b T (LH2)]. (1

t parameters were a = 0.0140, b = 0.4133, and R2 = 0.998.
e 23.2 K boiling point used to determine the amount of sub-cooling is calculated fro
por-pressure curve at the approximate 220 kPa operating pressure of the target. Sin
fety reasons the target’s LH2 re-circulation loop was always connected (through ope
) to H2 storage tanks outside the experimental hall, the operating pressure could ri
ll a dozen kPa with the outside temperature according to the ideal gas law. As
the boiling point and the amount of sub-cooling also varied by about ±0.3 K.
g.’s 19 and 20 clearly show that target noise at the nominal 28.5 Hz pump speed cou
een reduced from 54 ppm to 38 ppm by lowering the LH2 operating temperature fro
to 19 K. This would still have been safely above the ∼ 14 K at which H2 freeze
er as discussed above, the impact on the limited resources of the ESR would have mad
cult to run with the same luminosity at 19 K. If the same level of cooling power cou
een sustained at the reduced ∆T associated with an operating temperature of 19 K
ount of data needed to achieve the same 0.0073 ppm statistical uncertainty ∆A(sta
ed at 20 K [4] would have been reduced only 3% according to Eq. 2. Accordingly, th
omise made for this experiment was to operate the target at 20 K and 180 µA.
the other end of the scale, the target noise was much worse (126 ppm) at the high

ting temperature of 22 K than it was at 20 K (54 ppm). Considering that at 22
was a margin of only 1.2 K before the target would boil it’s surprising the resul
ot worse. More surprising still is that the target could have been operated only 1.2
oled with the full 179 µA of beam, even though the beam contributes about 2/3
arly 3 kW total heat load seen by the LH2. From Eq. 2 we see that the penalty f
so would have been having to acquire an additional 25% more data to reach the sam
b statistical uncertainty that was achieved in the experiment at 20 K.

ummary of target boiling noise results

l the target noise measurements discussed above are tabulated in Table 8. The avera
the 20 K results scaled to 179 µA, 4 × 4 mm2 raster, and 28.5 Hz pump speed (b
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20: The target noise (blue circles) determined at a pump speed of 28.5 Hz and 179 µA as a functi
LH2 operating temperature (lower axis) or the amount of sub-cooling (upper axis). A fit to the
sing Eq. 19 is shown by the red line.

ing the 3 × 5 result which has more noise for a known reason- see the beginning
.3.1), is 53.1 ppm. The standard deviation is 2.5 K, which we adopt as the uncertain
target noise determinations from all the different techniques discussed in this sectio
ct that several independent techniques employed to determine the target noise all gi
tent results within this uncertainty provides great confidence in this result, and in th
observed in the measurements.

oise dependence on helicity reversal

e scattered electron yield measured in the experiment’s detectors was examined in th
ncy domain using a fast Fourier transform (FFT). Under typical conditions with th
arget, the spectrum was relatively flat except for frequencies below about 50 Hz, whe
phonics and sub-harmonics of the 60 Hz line frequency contribute. Spectra taken
beam currents or with solid targets were completely flat; hence they did not show an
elow 50 Hz.
mitigate these low frequency noise contributions in the experiment, the beam helici
al rate was increased from the 30 Hz typically used at JLab to 960 Hz for the Qwe

ment. In practice this means that the helicity state of + or − was selected eve
s by switching the polarity of the Pockels cell high voltage in the polarized source.
g time of 70 µs was lost each helicity reversal for the 2.5 kV Pockels cell voltage
ze, and another 40 µs delay for ADC gates in the data acquisition electronics. Th
that the expected improvements in the asymmetry width from faster helicity revers

are partially offset by the 110 µs lost every 1041.65 µs-long helicity state.
test was performed during the Qweak experiment to explore this further by acquirin
ll amount of data with a helicity reversal rate ν = 480 Hz instead of the canonic
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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 -

: Helicity-quartet target noise determinations using various methods. For each method, the bea
, raster size, and pump speed are tabulated. The last column indicates the target noise ∆A tgt scal
mmon set of running conditions: 179 µA, 4× 4 mm2 raster area, and 28.5 Hz pump speed.

z. The results from the test are shown in Fig. 21. The helicity-quartet asymmet
∆A qrt is much smaller at ν = 480 Hz (178.6 ppm) than it is for the nominal ν = 96
te (237.0 ppm), a consequence of the better statistics at the slower helicity revers
However, to gauge the impact on the statistical width of the asymmetry ∆APV th
ment aims to measure, one must account for the fact that there are twice as man
y quartets at 960 Hz than at 480 Hz (see Eq. 2). Accordingly, Fig. 21 also shows th
80 Hz result multiplied by

√
2, where even at the canonical 28.5 Hz pump speed, ∆AP

be about 6.6% larger than the ν = 960 Hz result. The advantage of faster helici
al rates is made clear by this figure. It’s also clear from the steeper slope of the 48

qrt results that target noise plays a much bigger role at lower helicity reversal rate
nly is the ν = 480 target noise ∆A tgt larger than it is at the higher helicity revers
he ν = 480 statistical width in each quartet is smaller. The relative contribution
rget noise ∆A tgt at ν = 480 is thus much larger, as highlighted by Fig. 21.
the introduction of this article (see Sec. 1.1), we pointed out that the reason targ
is so important for an experiment like Qweak that sits at the precision frontier is th
eases the time required to achieve a given precision. Equivalently, the target noi
increases the experiment’s statistical precision ∆APV which is proportional to ∆A q

rt. So now at the end of this article we evaluate the impact of each of these tw
y reversal rates on the time it takes for the experiment to achieve its precision goa
esults are presented in Table 9. These results are drawn from the analyses shown
8 using the 28.5 Hz pump-speed data. The table clearly shows the impact that targ
has on the experiment’s precision, in terms of the additional time required to achie
n precision for each helicity-reversal rate ν. At the canonical ν = 960 Hz the targ
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21: Upper: The detector asymmetry width measured over helicity quartets ∆A qrt at 170 µA with
m2 raster area, as a function of the LH2 pump recirculation speed with the helicity reversal frequen
polarized source at the nominal 960 Hz (red squares) and adjusted to 480 Hz (blue circles). Since t
statistical width ∆APV of the experiment’s asymmetry depends on the quartet asymmetry wid
divided by

√
Nqrt, the dotted green curve

√
2∆A qrt(480) is what should be compared to ∆A qrt(960

these data are shown for each helicity reversal frequency as solid or dashed lines in the correspondi
Lower: The target noise ∆A tgt extracted in quadrature from the ∆A qrt data in the upper figu
e same symbols and line types used in the upper figure.

penalty is only 5%, but at the ν = 480 Hz rate it rises to 15%, emphasizing the bene
er helicity reversal and less target noise in general on the precision an experiment li
can achieve.
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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

: Time penalties incurred from the target noise analysis presented in Fig. 18. All entries correspo
circulation pump speed of 28.5 Hz. The first column denotes the helicity-reversal frequencies ν us
measured helicity-quartet asymmetry widths ∆A qrt in column 2. The ∆A qrt for ν = 480 Hz
ed for the fact that there are half as many quartets Nqrt at 480 Hz as there are at 960 Hz. The targ
A tgt in the 3rd column is subtracted in quadrature from the ∆A qrt in the second column to dedu
he measured ∆A qrt would have been without any target noise. The last column takes the square
io of the ∆A qrt with and without the target noise term to obtain the time-penalty associated wi
licity-reversal frequency.

mmary

high-power liquid hydrogen target was built for the Qweak experiment at Jefferson La
ain the first measurement of the proton’s weak charge, and to set limits on physi
d the standard model of particle physics. The target was the highest power target use
in an electron scattering experiment, and the first at Jefferson Lab (and anywhere el
aware of) to employ CFD in its design. The total heat load of the target was abo

, of which 2.1 kW came from beam heating in the LH2. It employed a custom-mad
fugal LH2 recirculation pump, a novel hybrid heat-exchanger employing separate 4
5 K supplies of helium coolant, a resistive wire heater, and a conical transverse-flo
cell with thin aluminum windows. It also featured a 2-axis target motion system th
ed 24 different solid target options.
nsistent results for the target boiling noise were obtained using a variety of indepe
echniques, by varying the incident beam current, the overall raster area, the width an
of the rectangular raster, the recirculation pump speed, the LH2 operating temper
nd the helicity reversal frequency. The target was well suited for the studies reporte
s article, because the statistical noise in each helicity-quartet asymmetry width me
ent was only about four times larger than the target boiling (noise) term. The avera
noise was 53.1± 2.5 ppm for typical beam current, raster size, and LH2 recirculatio
rotation of 179 µA, 4 × 4 mm2, and 28.5 Hz. Ultimately the contribution of th
noise ∆A tgt to the final asymmetry result APV and uncertainty ∆APV obtained
periment was negligible.
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