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L. Slocum9,aq , F. Spanier14,ar , J. Stachurska6,15,as , Y.-H. Sun13,at , P. T. Surukuchi11,au , A. B.
Telles9,av , F. Thomas1,aw , L. A. Thorne1,ax , T. Thümmler16,ay , W. Van De Pontseele6,az , B. A.
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Abstract. A calorimetric detector for minimally disruptive measurements of atomic hydrogen beams is
described. The calorimeter measures heat released by the recombination of hydrogen atoms into molecules
on a thin wire. As a demonstration, the angular distribution of a beam with a peak intensity of
≈ 1016 atoms/(cm2s) is measured by translating the wire across the beam. The data agree well with
an analytic model of the beam from the thermal hydrogen atom source. Using the beam shape model, the
relative intensity of the beam can be determined to 5% precision or better at any angle.
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1 Introduction

The work presented in this paper was carried out
in the context of development of an atomic tritium
source for the Project 8 experiment, [1,2] which aims to
employ atomic tritium in combination with the novel
technology of Cyclotron Radiation Emission Spec-
troscopy [3] to achieve a neutrino mass sensitivity of
mβ < 40meV/c2. As an intermediate goal an atomic
hydrogen source capable of producing on the order of
1019 atoms/s is being developed, which will eventually
be adapted to become the atomic tritium source.

As part of this effort, detectors capable of monitoring
the resulting atomic hydrogen beam will be required.
Traditionally this could be achieved using a high reso-
lution quadrupole mass spectrometer (QMS). However,
situations are anticipated in which a QMS would not
be ideal, in particular in the presence of high magnetic
fields and tight space constraints. To complement mea-
surements with a QMS in such cases, we are developing
a calorimetric wire detector, which measures the heat
of atoms recombining into molecules.

The concept of using such detectors for atomic hydro-
gen beams has previously been explored [4,5]. A thin
wire is strung across the beam, such that it intercepts
a small slice of the beam. A sizable fraction [6] of the
atoms that hit the wire stick to its surface, where they
can recombine into molecules, releasing 4.46 eV per
molecule [7]. A portion of this energy is absorbed by
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Fig. 1 On the left is a view into the vacuum chamber con-
taining both the hydrogen atomic beam source (HABS) and
the wire detector. The HABS can be seen to be glowing as
it does when operated at high temperatures. The z-axis,
along which the wire detector can be moved, is indicated.
A frontal view of the wire detector is shown on the right.
Three wires are attached to the detector board for redun-
dancy. The rearmost wire is used for all the data presented
in this paper

the wire causing a slight heating, which can be detected
by measuring the corresponding increase in resistance.

An advantage of the wire calorimeter method is that,
by using very thin wires, the detection of the beam
can be accomplished without meaningfully disturbing
the beam. This is useful for online monitoring a beam
that may continue to be used for its primary purpose
downstream of the detector. The wire detector can
also be used at higher pressures than are required for
mass spectrometry. This is desirable when scaling to
more intense hydrogen beams without a commensurate
increase in pumping on the vacuum system. The Project
8 experiment will eventually employ strong magnetic
fields [2],which will cause large issues for the sensitiv-
ity of a QMS [8] due to the free electrons and ions
involved in its operation. It is expected that the wire
detector should operate largely unaffected by magnetic
fields, though this has not yet been shown experimen-
tally. Finally, wire detectors can be built on a very thin
supporting structure, such that they may be employed
in confined spaces, where fitting a QMS might be chal-
lenging.

The calorimetric wire detector used in this study,
depicted in Fig. 1, consists of a 5µm thick gold-coated
tungsten wire that is strung across a 20mm wide gap.
On each side of the gap, the wire is mounted on the
aluminum nitride PCB by soldering it to copper traces
leading to the readout electronics. The thickness of the
wire was chosen to be the thinnest that could be read-
ily procured and assembled into the detector. A thinner
wire has higher base resistance as well as a lower heat
conductivity such that, for a given heating power, tem-
perature changes to the wire and resulting resistance
changes are maximized. For the same reason a longer
wire to further increase the aspect ratio of the detec-
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tor is preferable. The length of the wire used here was
chosen to fit within the space available in the vacuum
chamber and to pass through a CF40 flange.

The wire resistance is measured by applying a con-
stant current to the wire and recording the voltage drop
over the wire with a digital multimeter. The wires typ-
ically have a room temperature resistance of ≈ 65Ω
rising to as much as 100Ω during operation.

The detector PCB is mounted on a z-translator
stage1, such that the wire can be scanned across the
hydrogen beam. About 31 mm of travel is available
within the confines of the vacuum chamber. This travel
covers roughly −15◦ in one direction and +30◦ of the
beam in the other direction of the capillary axis, as
seen from the wire’s location. Approximately 25% of
particles emitted from the capillary are in this region,
and the beam intensity drops to ≈ 40% of its maximum
intensity at 20◦ off-center at the settings presented later
in this paper. Due to an aperture, the beam is cut off
beyond 26◦ allowing for measurements with the wire
fully outside of the beam.

We have successfully used the wire detector to mea-
sure the relative intensity profile of an atomic hydro-
gen beam containing of order 1016 atoms/(cm2s), using
a number of data-driven corrections to extract a small
heating signal in a complex thermal environment. We
have compared the measured profile with theoretical
models of the source and found them to be in agree-
ment.

The paper is divided as follows: we begin with a
description of the hydrogen beam we use (Sect. 2), fol-
lowed by the calibration of the wire detector (Sect. 3).
Then an explanation of various effects influencing the
wire detector’s resistance will be discussed (Sect. 4) and
the method for extracting the atomic hydrogen signal
from the raw data will be described (Sect. 5). Finally,
the reconstruction of the relative beam intensity dis-
tribution based on data will be demonstrated (Sect. 6).
Multiple appendices are attached to provide more detail
on selected specifics.

2 Hydrogen beam

2.1 Source

For development work, including the results presented
here, we use a commercially available “Hydrogen Atomic
Beam Source” (HABS).2 This is a thermal hydro-
gen dissociator manufactured by MBE Komponenten
GmbH that produces atomic hydrogen by passing a
flow of molecular hydrogen through a tungsten capil-
lary that is heated to around 2200 K [11]. The hydro-
gen flow through the source is controlled by a mass flow
controller3 in the range of 0.002−20 standard cubic cen-

1 McAllister Bellows-sealed Linear Translator (CF 40).
2 https://www.mbe-komponenten.de/products/
mbe-components/gas-sources/habs.php.
3 Alicat Model: MCE-20SCCM-D-DB15K.

timeter per minute (sccm). Before entering the source,
the gas flows through a purifier4 which removes any
water, oxygen or hydrocarbon contaminants.

The HABS capillary is located 35 mm above the wire
detector. At the settings used in the work presented
here, 1 sccm of H2 flow at 2200 K, the source produces
a beam intensity of order 1016 atoms/cm2s. [11] In the
ideal case where all atoms landing on the wire recom-
bine, releasing 4.46 eV per molecule, this corresponds
to a heat load of about 4mW/cm2 or total of 4 μW
along the length of the wire.

Hydrogen is emitted from the HABS as a diverging
beam, with an initially undetermined fraction of dis-
sociation [14]. Since the wire is not a point detector, it
always integrates a portion of the beam along its length.
The change in beam intensity along this length must be
modeled.

We derive the HABS beam output intensity distribu-
tion jHABS based on a theoretical model [15] modified
by the setup geometry. As it will be defined, jHABS is
the probability density per unit angle [1/sr] of finding
a particle which leaves the HABS capillary at a certain
angle from the capillary axis downstream of the copper
cooling shroud covering the HABS.

Figure 2 illustrates the geometry of the HABS. The
capillary forms an initial beam which is then modified,
when parts of it are obscured by the copper shroud.
We call the fraction of the capillary which is visible
under a viewing angle θ relative to the capillary axis
gvisible(θ). This functions as a geometric correction fac-
tor to the initial output intensity distribution of the
capillary jnorm(θ; leff) such that

jHABS(θ; leff) = jnorm(θ; leff) · gvisible(θ). (1)

This does include an implicit assumption that gas exit-
ing the capillary has a uniform density across the exit
plane. This may not be exactly true, and Monte Carlo
simulations indicate this may change the effective g fac-
tor by a few percent, depending on the actual gas den-
sity distribution. Absent a fully-fledged model for the
gas density distribution in the exit plane of the capil-
lary, for the purposes of this paper, we will assume it
to be a uniform distribution, such that every point in
the capillary exit plane emits gas with equal intensity.

As described in the following text, we construct
jnorm(θ; leff) such that it is a normalized probability
density function. Normalization is useful, since the total
flow of molecular hydrogen through the source capillary
is known and controlled by a mass flow controller.

We start from the theoretical model of beam intensity
from a cylindrical capillary, which is adopted from liter-
ature and denoted with j. Refer to Tschersich et. al. [15]
for a comprehensive explanation. j is a function with a
single dimensionless shape parameter called the effec-
tive length, leff , which describes the effective ratio of
length to diameter of the capillary. leff differs from the
physical aspect ratio of the capillary if gas flow through

4 Entegris GateKeeper MC1-904F.
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Fig. 2 A sketch of the geometry of the HABS copper
shroud, which partially and then fully obscures the capillary
from which the hydrogen beam originates. The inside edge
of the penumbra is located at 19.4◦ and the outside edge at
26.2◦. Beyond the outside edge no portion of the beam is
expected to be visible (umbra). The angle θ is always mea-
sured between the capillary axis and a line drawn from the
center of the capillary at its front face. Additional clarifica-
tion on the coordinate definitions is available in Appendix
D

the capillary is large enough, such that the flow cannot
be approximated as transparent molecular flow along
the entire length. All gas flows used in our study are
large enough that leff is much shorter than the physical
length of the capillary.

j(θ) = jd(θ) + jw(θ)
with jd(θ) = cos(θ) · U(β)
and jw(θ) = 4

3π

(
1 − 1

2leff+1

)
1

leff

cos(θ)2

sin(θ) (1 − V (β))

+
(
1 − 1

2leff+1

)
cos(θ)(1 − U(β)),

(2)

where

⎧
⎨
⎩

U(β) = (2β − sin(β))/π
V (β) = sin(β)3

}
θ < arctan(1/leff)

U(β) = V (β) = 0 otherwise
(3)

and β(θ) = arccos(leff · tan(θ)). (4)

Figure 3 shows how j and gvisible evolve with angle.
j falls off to reduced intensities as the angle increases,
decreasing more sharply for larger leff . gvisible acts as
a window function with a smooth transition from fully
visible at small angles, to partially shadowed, to fully
obstructed at larger angles.

We normalize the intensity profile j by the integral
over the emittance hemisphere

jnorm(θ, leff) =
j(θ, leff)∫ π

2
0

∫ 2π

0
j(θ, leff) sin θdθdϕ

, (5)

It should be noted here that since j is also a function
of the effective length leff the normalization integral has
to be recalculated for every leff . The normalization as
described here results in the integral of jnorm over the
hemisphere being equal to one.

∫ π
2

0

∫ 2π

0

jnorm(θ, leff) sin θdθdϕ = 1. (6)

Normalized this way, jnorm can be treated as a prob-
ability density function for the emission of any single
gas particle.

After multiplication with gvisible(θ), jHABS(θ; leff) is
of course no longer normalized to 1. This is the intended
behavior, as we can measure how many particles flow
through the capillary, but we cannot directly measure
how many make it out of the copper shroud.

2.2 Modeling expected power

This section will show that a given model for the beam
shape such as jHABS from Eq. (1) could be integrated to
predict the absolute expected heating power received by
the wire. However, due to some poorly-known parame-
ters we only carry out part of the integration and leave
the overall heat scaling as a free parameter.

The recombination intensity Irec is the power density
per unit solid angle [W/sr] from recombination heating
on a surface exposed to an atomic hydrogen beam. It
can be expressed as

Irec = Φmol · 2αdissoc · jHABS(θ; leff) · γrec · βrec · Erec

2
,

(7)

where Φmol is the flow of molecules per second into the
source, and αdissoc is the fraction of these which are dis-
sociated into atoms in the source. γrec is the likelihood
for an atom that hits the wire to recombine on it, βrec is
the fraction of the recombination energy that is trans-
ferred to the wire if a molecule is produced, and Erec

is the total energy released when two hydrogen atoms
recombine into a molecule.

The values of αdissoc, γrec, and βrec are all initially
unknown. They are difficult to disentangle with cur-
rently available data. Some values for the recombination
parameters are available from literature [16], but with
large uncertainties, and it is unclear if they are directly
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Fig. 3 The two beam shaping components of jHABS(θ; leff) are plotted as a function of angle. On the left the shape of
the beam as it exits the source capillary, and on the right the multiplicative geometric modification function gvisible that is
caused by the exit aperture of the HABS shroud. The final combined beam shape, for parameters matching measurements
presented later is shown in Fig. 10

applicable. Due to the degeneracy caused by includ-
ing all three as separate parameters, for the purposes
of a fit model, all such purely multiplicative parame-
ters will be combined into a single scaling parameter
A = Φmol · 2αdissoc · γrec · βrec · Erec

2 . A is then implicitly
a complex function of gas flow, source and wire tem-
perature, as well as wire surface properties. However,
as long as these are constant for the dataset which a fit
is applied to, the complexities will be absorbed into the
fit parameter.

Due to the parameter degeneracy within A, no deter-
mination of the total atom flow, Φat = Φmol · 2αdissoc,
produced by the source will be attempted in this
paper. Efforts presented here are focused on deter-
mining the relative angular output distribution of the
source jHABS(θ; leff).

The recombination intensity can be expressed using
A as

Irec = A · jHABS(θ; leff). (8)

Using the definition for beam intensity given in the
equation above, a parametric model for the heating
power due to recombination measured by the wire
calorimeter can be defined. This takes the form of inte-
grating Irec over the surface of the wire:

Prec(zpos; leff , A) = A

(∫

wire

dx jHABS(θ(x, zpos);

leff) · η(x) · cos3(θ(x, zpos)
)
, (9)

where η is the relative sensitivity of the wire to heat
depending on location (see Appendix B), and x is the

position along the length of the wire over which the
integration is performed. Prec is evaluated as a function
of zpos, the position along the z-axis at which the wire
is placed. θ can be calculated as a function of the Carte-
sian coordinates (x, y, z) per their definition shown in
Appendix D. The multiplication with cos3(θ(x, zpos))
results from the transformation between Cartesian and
spherical coordinates.

This yields a model for the signal expected on the
wire detector, which can be fit to data as will be
shown later. It has two principal parameters: the scal-
ing parameter A and leff which describes the shape of
the distribution.

3 Calibration

In order to convert between changes in wire resistance
and the heating power causing them, a calibration of the
detector is performed by running an increasing series of
currents over the wire. Since input voltage (V ) and cur-
rent (I) through the wire are independently measured,
both the resistance, as well as a direct measurement
for the electrical power imparted to the wire via Joule
heating (Pel = V · I) is performed simultaneously.

To produce a calibration function, a 4th order poly-
nomial function of resistance is fit to the calibration
data as shown in Fig. 4. A 4th order polynomial is cho-
sen because the highest-ordered effect is that of ther-
mal radiation (frad defined in Sect. 4), which scales with
the 4th power in temperature, and because it empiri-
cally fits the data to about 1 part in one thousand over
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Fig. 4 Calibration curve produced by varying electrical power supplied to the wire and measuring the resulting wire
resistance. The measurement is realized by changing the current across the wire from 0.9 to 1.6 mA in 0.01 mA steps. The
resulting range of wire resistances corresponds to the range observed when heating the wire with external sources, primarily
the thermal radiation from the HABS when heated to 2200 K

the resistance range used in our measurements. This
means potential systematic calibration errors due to the
parametrization of this fit are significantly smaller than
the statistical errors on beam measurements of about
1% in the best case (see Fig. 6).

The calibration function k can then be expressed as
the derivative of the fit function

k(R′) =
dP

dR

∣∣∣∣
R′

, (10)

such that

ΔPcalib(R′,ΔR) =
dP

dR

∣∣∣∣
R′

· ΔR, (11)

where ΔP is the change in heating power supplied to
the wire required to produce a small change in mea-
sured wire resistance ΔR away from an initial resistance
R′. The choice of local calibration around an initial R′
rather than a global calibration is taken, as the ini-
tial resistance is subject to changes due to background
effects, for example due to a change in the temperature
of the surrounding apparatus. In practice the changes
in resistance due to the atomic beam are always small,
so the implicit locally linear approximation made when
using the local slope approximation is justifiable.

When taking data with an external heat source like
the beam, we additionally need to account for the feed-

back Joule heating due to the measurement current.

Pfb = I2 · ΔR. (12)

With a constant measurement current I, an exter-
nally caused resistance change ΔR will result in addi-
tional electrical power draw and therefore heating of
the wire, which needs to be subtracted to arrive at the
measured external heating Pmeas

Pmeas = ΔPcalib − Pfb (13)

= k(R′) · ΔR − Pfb (14)

=
(
k(R′) − I2

) · ΔR. (15)

With the typical operating current I of 1 mA this
results in a correction of −1μW/Ω.

Finally an additional percent-level correction based
on the fact that electrical heating power is non-
uniformly distributed along the wire due to the temper-
ature gradient is applied. Details about the derivation
are discussed in Appendix D.

4 Signal components

In this section we will discuss a finite-element thermal
model of the wire which illustrates the scaling of vari-
ous heat fluxes on the temperature—and by extension
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resistance—of the wire, although it is not ultimately
used as an input to our data analysis. The simulation
is realized as Python code available on GitHub.5

The wire is divided into a number of segments of
equal length and the heat flow f between these elements
is computed with the following equation (for each time
step):

ftot = fel + frec + fbeam_gas + fbb

−frad − fconduction − fbkgd_gas, (16)

This is the heat flow per unit length ([f ] = Power
Length ),

where fel is due to electrical current, frad is due to
radiation (emission from the wire and absorption from
the surrounding chamber), fconduction is due to ther-
mal conduction along and out of the wire, fbeam_gas is
due to the kinetic energy of atoms and molecules in
the beam, frec is due to the recombination of hydro-
gen atoms on the surface of the wire, fbb is due to the
blackbody radiation from the glowing hot HABS, and
fbkgd_gas is due to interactions with the background gas
in the chamber. The equations describing each individ-
ual component can be found in Appendix A.

Integrating any of these heat flows fx over the length
of the wire yields Px, the total heating (cooling) power
due to this source (sink).

frec contains information about the amount of atomic
hydrogen that is in the measured beam and is therefore
the component of interest for this paper. The procedure
for extracting it from the raw signal is detailed in the
following subsections.

From the net heat flow the temperature change per
time step is calculated

ΔT =
ftot · Δt

ρ · A · c
(17)

where ρ is the density of the wire material, A is the
cross sectional area, c is the specific heat capacity of the
material, and Δt is the length of one time step in the
simulation. The simulation is run for a number of steps,
until ΔT converges to 0, i.e. thermal equilibrium. The 1

e
equilibration time constants τ are typically between 0.3
and 0.5 s depending on the precise parameters used, so
we run simulations for at least ten simulated seconds to
ensure full equilibration. The resistance of the wire can
then be calculated from the resulting temperature dis-
tribution, given the temperature-dependent resistivity
coefficient of the wire material.

Figure 5 shows the heat flows after equilibrium has
been reached for typical settings for gas flow (1 sccm)
and HABS temperature (2200 K). It illustrates the rela-
tive size of the effects impacting the wire temperature.
Most important to note is, that both the fel and fbb

are significantly larger than the heat sources frec and
fbeam_gas caused by a typical beam. This means that
both must be extremely well-stabilized to be able to

5 https://github.com/christianmatthe/wire_detector.

Fig. 5 Comparison of the scale of the various simulated
heat flow components at the time of equilibrium over the
extent of the wire. Sources which transfer heat into the
wire are plotted with solid lines, while sinks that remove
heat from the wire are drawn in dashed lines. Note that the
heat sinks are subtracted in Eq. (16), and therefore cancel
out a heat source of equal size in this plot. The hydrogen
beam selected for this simulation contains 1 sccm of molec-
ular hydrogen at 2200 K with a 10% dissociation rate into
hydrogen atoms. The beam width is chosen to be consistent
with beams at this flow rate as will be measured later in
this paper

see the beam signal among small fluctuations in larger
effects.

Fluctuations in fel are minimized by using a highly
stable power supply,6 capable of stabilizing the 1 mA
measurement current running across the wire to better
than 10−5 relative fluctuations. To minimize fluctua-
tions in fbb the HABS is operated on a PID-controlled
loop stabilizing the readout of an internal thermocouple
in close proximity to the HABS capillary.

However, it has not been feasible to model all effects
impacting the wire with sufficient precision to formulate
a relationship for extracting beam heating power from
wire resistance directly. In part this is due to the great
number of material and surface properties that enter
into the model, many of which are only available with
insufficient precision. Even the ostensibly simple calcu-
lation of the wire’s baseline resistance at room tempera-
ture turns out to be problematic, because the manufac-
turer only guarantees the diameter of the wire to a 10%
precision. This is further complicated because a gold-
coated tungsten wire is used, where the exact impact of
the coating on wire resistance is difficult to model with
great confidence. Exact measurements of the sticking
fractions and accommodation coefficients for fbeam_gas

and frec are very challenging to determine with suffi-
cient precision [16]. Additionally, changes in chamber

6 Keithley SourceMeter 2400.
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temperature not modeled here also cause changes in
wire resistance larger than that of the expected signal.

Ultimately, this simulation is used to inform the
interpretation of the data but not to directly derive
a beam signal from wire resistance. Instead an indirect
extraction of the signal (Sect. 5) is used along with a
calibration scheme (Sect. 3) for correlation of wire resis-
tance to incident power measured.

5 Signal extraction

5.1 Primary signal extraction

The beam heating effects on the wire (fbeam_gas and
frec) can be quite small, on the order of 10−9 −10−6 W.
Since the wire is subject to external temperature drifts,
signals are extracted as a relative measurement by peri-
odic switching between the “beam on” and “beam off”
states, to allow for constant comparison against the
drifting background. An example of this is shown in
Fig. 6, where a typical hydrogen beam is cycled on and
off every 5 min by opening and closing a pneumatic
valve in the gas supply. For each 5 min section only the
last two minutes of data are used to allow for equilibra-
tion. This data is marked orange in the plot. Then three
5 min sections are combined in an “off”-“on”-“off” pat-
tern. The two “off” sections allow for fitting the back-
ground trends and then determining the average differ-
ence ΔR when the beam is “on” in the central 5 min
section. For background subtraction, a quadratic func-
tion is fit to the data, with an additional ΔR offset
factor only applied to the “beam on” data.

Rfit(t) =
{

c0 + c1t + c2t
2 if “beam off”

c0 + c1t + c2t
2 + ΔR if “beam on”

,

(18)

Tracking the change in resistance in the “beam off”
state, as the flow switching method does, practically
eliminates any slow-changing background effects. The
measurement turns into a comparison of two values,
where the only variable is hydrogen flow through the
HABS. This eliminates the need to model effects such
as fel, fbb which are not affected by hydrogen flow
directly with great precision in order to extract the
much smaller beam-related effects.

We do not attempt to model the equilibration process
of each cycle, as it is a potentially complex superposi-
tion of thermalization processes of various components
(wire, detector board, vacuum chamber), as well as the
equilibration of gas flow after switching, all of which
take place over different time scales. From the simula-
tion and measurements not presented here, it is known
that the wire temperature equilibrates on the scale of a
few seconds, while the detector PCB temperature has
been measured to take tens of minutes to reach full equi-
librium. The 5 min cycle is a compromise in letting the
fast processes that affect the wire directly equilibrate,

Fig. 6 Example of signal extraction for the wire positioned
centrally in the beam at z = 1.5mm, with the HABS at
≈ 2200K and a flow of 1 sccm. The flow is cycled on and
off 8 times. For each cycle the difference in resistance when
the flow is on is extracted using a fit to a subset of the
data after equilibration, marked in orange. Fits are applied
individually to every set of three 5min segments in a beam
off-on-off pattern

while not waiting for all components to fully thermalize
over e.g. one hour, because the ability to background-
subtract unintended external temperature drifts would
be lost. The partial inclusion of background tempera-
ture equilibration is undesired but not easily avoidable.
It represents a systematic overestimation of the true
signal on the order of 20%. Since our model in Eq. (9)
includes a scaling parameter A, for the purposes of this
paper this systematic will simply be absorbed by A.
This is yet another reason why an absolute calibration
is difficult to achieve, but the effects on measuring the
beam shape in terms of relative flux, as shown in Sect. 6,
should be minor.

The flow switching method enables checking for
repeatability and stacking of multiple measurements
to increase SNR. With 8 such repetitions, signals as
small as ΔR = 2mΩ (equivalent to ≈ 13 nW, or
≈ 1014 atoms/(cm2s)) have been resolved with an SNR
of

μΔR

σΔR
≈ 4.

After ΔR is extracted, we use Eq. (15) to calculate
Pmeas, the net heating power responsible for the resis-
tance change.

5.2 Secondary signal extraction

The result of primary signal extraction is the net heat-
ing power as derived from the net change in resistance.
In a second extraction step, the atomic hydrogen recom-
bination heating frec must be extracted from the net
heating power.

The assumption is made that the components remain-
ing in the signal are Pmeas = Prec+Pbeam_gas−Pbkgd_gas.
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The other components listed in Eq. (16) ought to be
eliminated by the flow switching scheme of the primary
signal extraction.

With the HABS actively putting gas into the vac-
uum chamber the background pressure is typically �
2 × 10−5 mbar at the 1 sccm flow that is used for mea-
surements presented in this paper. Assuming that the
background gas component is in thermal equilibrium
with the walls and has no atoms in it due to the recom-
bination and thermalization on the chamber walls, it
will provide a constant cooling effect. The hot molecules
in the beam in contrast will deposit power increas-
ing with temperature. One source of non-linearity that
needs to be accounted for is the non-trivial scaling of
the heat capacity of molecular hydrogen with temper-
ature7 CV,H2(T ).

To extract just the power due to recombination,
equivalent measurements are taken at three HABS tem-
perature setpoints Tlow, Tmid, Thigh. Tlow is chosen as
room temperature, Tmid at ≈ 1277K, high enough to
see the effects of fbeam_gas but low enough that no
atomic hydrogen will be produced, and Thigh is chosen
to be ≈ 2211K, the highest reliably reachable temper-
ature with the hardware employed. The precise numer-
ical values of the temperatures seem arbitrary, because
they are the conversion of flat thermocouple voltages
which are used for stabilization. While the stabiliza-
tion is quite good, the absolute conversion should be
taken as no more than 5% accurate, as precise calibra-
tion of capillary temperature measurements remains a
challenge.

The measurements at Tlow and Tmid are the mini-
mum number of points required to scale the effects of
fbeam_gas − fbkgd_gas to what they should be at Thigh.
The scaled effect is subtracted from the raw measure-
ment to obtain the extracted recombination heating
power

Prec(Thigh) = Pmeas(Thigh) − (a · CV,H2(T ) · Thigh + b),
(19)

where Pmeas is the heating power extracted via Eq. (15),
as described in Sect. 3, at each of the temperature set-
points. a and b are determined by fitting

PH2 = (a · CV,H2(T ) · T + b) (20)

to the Tlow and Tmid measurement for every zpos the
wire is placed at. This amounts to an extrapolation
and subtraction of the non-recombination background
effects, primarily heating from hot but undissociated
H2 molecules in the beam.

Figure 7 illustrates such a fit using a dataset with
higher resolution in HABS temperature at a single wire
z-position. The temperature scan is performed twice
at each temperature, once scanning up in temperature
once going down. In the example, Eq. (20) is applied

7 NIST https://www.webbook.nist.gov/cgi/cbook.cgi?
ID=C1333740&Type=JANAFG&Table=on#JANAFG.

Fig. 7 Power detected on the wire after primary extrac-
tion (Pmeas) at 1 sccm for a fixed z-position over a range
of temperatures. The temperature scan is performed twice
in this dataset for each temperature position, once scan-
ning up in temperature and once down. A fit based on Eq.
(20) is applied to data points below the temperature cut-
off Tcutoff = 1600 K. Below this temperature no dissociation
of hydrogen is expected, and therefore no contribution of
atomic hydrogen to the heat detected on the wire

to the data below a temperature cutoff of 1600 K to
ensure none of the measured power is due to atomic
H. The model describes the data below the cutoff well,
but with discrepancies not fully explainable by statis-
tic fluctuation. These may be partially the a result of
imperfect calibration of the temperature axis. Work on
improved temperature determination is ongoing, but
not presented in this paper. Beyond that, Eq. (20) may
not fully capture all temperature dependencies if fur-
ther parameters in Eq. (A6) carry significant tempera-
ture dependence. For example, previous work we have
carried out, but not yet published, suggests a limit of
the temperature dependence of αEmol. of at most 5% in
our temperature range.

A choice of only three representative temperature
points is made to minimize total required data taking
time. Since full z-scans of the resolution presented in
Fig. 8 require 80 h of data taking per temperature, using
high resolution in temperature as well quickly becomes
operationally prohibitive. Based on the dataset pre-
sented in Fig. 7 we estimate the three temperature point
method introduces roughly an additional 5% uncer-
tainty on the extracted Prec compared to doing a full
resolution fit when the baseline between the chosen Tlow

and Tmid is at least 500 K.
Equation (19) describes the procedure by which mea-

surements at multiple temperatures can be combined
to extract only the heating due to hydrogen recombi-
nation. This recombination heating is used in this work
to trace the relative flux density of atomic hydrogen.
Therefore the preceding section has described the pre-
scription for using a wire calorimeter as a detector for
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Fig. 8 Power detected on the wire after primary extraction
(Pmeas) at 1 sccm for room temperature, a non-dissociating
medium temperature, and a high temperature where atom
production is expected. These data sets are then used in
the secondary extraction procedure, to yield the effect of
recombining atoms on the surface. Negative detected powers
indicate a net cooling of the wire, which is identified with the
cooling due to gas pressure increase in the detector chamber
induced by gas flow from the source (fbkgd_gas)

atomic hydrogen, so long as the assumptions that were
made are valid.

6 Application to data at 1 sccm

As a demonstration, the methods described in the pre-
vious sections are applied to data taken by sweep-
ing across the hydrogen beam with the wire detec-
tor by means of the translation stage on which it is
mounted. Figure 8 shows data taken when flowing 1
sccm (4.48×1017 molecules/s) of hydrogen through the
HABS at three capillary temperatures Tlow ∼ 298K,
Tmid ∼ 1277K and Thigh ∼ 2211K. The range of
z-positions represents the full range available in the
limited space of the vacuum chamber. To avoid an
impact of time-dependent effects over the measurement
period of many hours, data at the different positions are
acquired in non-consecutive order.

As seen in Fig. 8, room temperature measurements
initially yield a negative net heating power. This is
because at this low temperature the beam imparts no
significant heating to the wire, but it still fills the vac-
uum chamber with gas such that the pressure rises. This
room temperature background gas cools the wire, since
the wire reaches ≈ 70 ◦C in the center due to being
heated by the measurement current. Both effects are
described in Sect. 4.

At medium temperatures (1277K in Fig. 8) there is
a slight heating on the order of 300 nW which can be
seen to be higher when the wire is centered under the
source (zpos ≈ 1.5mm). This can be accounted for by

Fig. 9 Extracted heating power attributed to recombina-
tion (Prec) for a flow of 1 sccm at 2211K source temperature,
shown over the range of positions the wire was placed at.
The optimized beam shape model is plotted alongside

a beam of hot molecular H2 which transfers some of its
thermal energy to the wire when hitting it (fbeam_gas).

Finally at high temperatures (2211K in Fig. 8) larger
than the dissociation threshold temperature, the beam
contains a fraction of atomic hydrogen. This is the pri-
mary signal we are looking for, and can account for the
much larger µW-scale peaked signal in the high temper-
ature power data plotted in blue. The high temperature
dataset shows a larger signal than can be explained by
the increased thermal “beam gas” heating indicating
the detection of recombination heating due to atomic
hydrogen.

These three data sets are combined using the proce-
dure described in Sect. 5.2 using Eq. (19) to determine
the heating power due to recombination heating alone.
This is plotted in Fig. 9.

The model from Eq. (9) is then adapted for fitting
to the extracted recombination power data. An offset
power P0, to account for a residual background, as well
as a positional offset z0 are introduced. The necessity of
this can be seen in Fig. 8, where the zero of the z-axis
does not initially line up with the center of the beam.
The resulting final fit function is given by

Prec(zpos + z0; leff , A, P0)

= A

(∫

wire

dx jHABS(θ(x, zpos + z0)) · η(x)

cos3(θ(x, zpos + z0)
)

+ P0. (21)

Figure 9 shows the fit applied to the final extracted
data. As previously described, the parameter A is effec-
tively just a vertical scaling parameter, while P0 and z0

translate the fit in x and y direction. This leaves leff
as the sole free parameter governing the shape of the
beam’s distribution.
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Fig. 10 Reconstruction of the underlying beam shape
model jHABS, including both the effects of the theoretical
beam shape emitted from a long tube, as well as the trun-
cation of the edges due to shadowing of the beam by the
source shroud, both as described in Sect. 2. The uncertainty
on the extracted beam model is illustrated by propagating
the fit errors for the beam shape parameter leff through the
model. The errors on leff allow for a reconstruction of the
beam as it exits the HABS to better than 5% relative pre-
cision at any point along the distribution

This fit yields a value for the shape parameter leff ,
which allows us to reconstruct the beam intensity pro-
file at the exit of the HABS. The resulting jHABS as per
Eq. (1) is shown in Fig. 10 alongside an error band. The
error band results from calculating jHABS(leff) for the
values leff shifted up and down by the fit error on leff .
The error band deviation is zero at the center and at the
edges by construction of the model, since it only shows
relative flux. Any changes in flux scaling (errors in A)
and background offset (errors in P0) are external to this
model. They would be important for a measurement of
absolute flux, but not relative flux as is presented in
this work. This example demonstrates that the proce-
dure presented allows for measuring the shape of the
original beam to better than 5% relative precision at
any point along the distribution.

7 Effective length over flow

The same three temperature scan procedure as illus-
trated in Sect. 6 has been performed for beams at 0.05
sccm and 0.2 sccm flow. This provides overlap with the
lower flow regimes probed by Tschersich et al [14]. Val-
ues for leff listed in Table I of that work are compared
to the ones produced by this work in Fig. 11. Extending
the range of flows measured with the wire detector is
the subject of ongoing work.

The two works provide values that are roughly com-
patible. In either case the effective length of trans-

Fig. 11 Comparison of fit parameter leff at three different
flows using the methods described in this work to values
from Table I in Tschersich et al. [14]. No error estimation is
available for the sourced leff values. Plots showing fits in this
work for 0.05 sccm and 0.2 sccm are available in Appendix
E. The orange error bar is the span of leff when datasets
at different temperatures are used to determine PH2 (see
Appendix F) for details)

parent flow is measured to increase with lower flows,
which matches expectations, as lower flows correspond
to lower densities in the capillary. The exact quality of
the comparison is hard to determine. Tschersich et al.
do not quote errors on their leff . Additionally while their
source is very similar to the source used in this work
(Sect. 2) and indeed is a prototype of the same, it is
not exactly equivalent, especially in the precise geom-
etry of its housing. They also operate their source at
higher temperatures, although we do not expect this to
have a significant direct effect on leff .

8 Conclusion

The performance of the wire detector was demonstrated
by measuring the relative intensity profile of the beam
from this source. An independent absolute intensity
measurement is not yet attempted, due to an undeter-
mined proportionality factor for the fraction of avail-
able energy from recombination that is transferred into
the wire. It has been demonstrated that a calorimetric
wire detector can be used to measure hydrogen beams
on the order of 1016 atoms/(cm2s) with significant SNR
(
μΔR

σΔR
≈ 50). It is possible to reconstruct the underlying

shape of the hydrogen beam emitted from a capillary
based on a theoretical model, showing that remaining
uncertainties are reasonably constrained. Good agree-
ment with the theoretical model for the relative dis-
tribution of the beam was demonstrated. This consti-
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tutes an independent confirmation of this model as well
as the suitability of the calorimetric wire detector for
further development in characterizing hydrogen beam
sources. The beam shape parameters determined with
the method described in this work are compared to
those from measured for a similar source using a QMS
by another group [14] and are found to be compatible.

Acknowledgements This material is based upon work
supported by the following sources: the Cluster of Excel-
lence “Precision Physics, Fundamental Interactions, and
Structure of Matter” (PRISMA+ EXC 2118/1) funded by
the German Research Foundation (DFG) within the Ger-
man Excellence Strategy (Project ID 39083149); the U.S.
Department of Energy Office of Science, Office of Nuclear
Physics, under Award No. DE-SC0020433 to Case West-
ern Reserve University (CWRU), under Award No. DE-
SC0011091 to the Massachusetts Institute of Technology
(MIT), under Field Work Proposal Number 73006 at the
Pacific Northwest National Laboratory (PNNL), a mul-
tiprogram national laboratory operated by Battelle for
the U.S. Department of Energy under Contract No. DE-
AC05-76RL01830, under Early Career Award No. DE-
SC0019088 to Pennsylvania State University, under Award
No. DE-SC0024434 to the University of Texas at Arlington,
under Award No. DE-FG02-97ER41020 to the University of
Washington, and under Award No. DE-SC0012654 to Yale
University; the National Science Foundation under Grant
No. PHY-2209530 to Indiana University, and under Grant
No. PHY-2110569 to MIT; the Karlsruhe Institute of Tech-
nology (KIT) Center Elementary Particle and Astropar-
ticle Physics (KCETA); Laboratory Directed Research
and Development (LDRD) 18-ERD-028 and 20-LW-056 at
Lawrence Livermore National Laboratory (LLNL), prepared
by LLNL under Contract DE-AC52-07NA27344, LLNL-
JRNL-868753; the LDRD Program at PNNL; and Yale Uni-
versity.

Author contributions

CM: Conceptualization, Methodology (lead), Data cura-
tion, Formal analysis (lead), Investigation (lead), Soft-
ware, Validation (lead), Visualization (lead), Writing—
original draft (lead), Writing—review and editing (lead).
SB: Conceptualization, Funding acquisition, Project
administration, Resources, Supervision. MF: Funding
acquisition, Resources. LAT, DF, MBH, MA, PK, AL,
BM: Investigation (supporting). SE, NSO, WP, MA,
AL, LAT: Software, Data curation. BJPJ, RGHR, BM,
MW, LAT, TEW, WP, MO, JAF, AL, MJB, ALR:
Review and Editing. KK: Review and Editing, Valida-
tion (supporting). All other authors: Review and Edit-
ing (supporting).

Funding Information Open Access funding enabled and
organized by Projekt DEAL.

Data Availability Statement The manuscript has asso-
ciated data in a data repository. [Authors’ comment: The

data that support the findings of this study are available
from the corresponding authors upon reasonable request.]

Declarations

Conflict of interest The authors declare that they have
no conflict of interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this arti-
cle are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Appendix A: Wire heating component equa-
tions

This section is a glossary of equations used in the simu-
lation of the wire detector. All quantities fx are power
densities (power per unit length [W/m]) due to various
effects that impact the wire.

- fel: Heat due to electrical current.

fel = I2 · R(Ti)/l (A1)

where I is the current, R(Ti) = ρ·l/A·(1+a)·(Ti−Tref)
is the resistance of the segment i, and l is the length
of the segment. ρ is the specific resistance, A denotes
the cross-sectional area of the wire and a is the tem-
perature coefficient of resistivity. Ti is the temperature
of segment i and Tref is the reference temperature at
which ρ is quoted.

- frad: Heat transfer through radiation (emission and
absorption from surroundings).

frad = π · dwire · σ · ε · (T 4
i − T 4

bkgd) (A2)

where dwire is the diameter of the wire, σ is the Stephan-
Boltzmann-constant and ε is the emissivity of the wire
surface. The emissivity is not precisely known from lit-
erature, and the value therefore has to be tuned using
a calibration scheme. π · d · l is the surface area, and
divided by l just results in π ·d. Tbkgd is the temperature
of chamber which gives of a background of blackbody
radiation.

- fconduction: Heat transfer through conduction.

fconduction = k(Ti) · (Ti−1 − Ti) + (Ti+1 − Ti)
l

· A

l
(A3)
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where k is the heat conductivity coefficient and A is the
cross sectional area of the wire. This is the second-order
central difference approximation, which calculates the
local curvature in the temperature profile by comparing
to the temperatures of the neighboring segments Ti−1

and Ti+1.
- fbkgd_gas: Heat transfer due to interactions with the

gas remaining in the vacuum chamber.

fbkgd_gas = αE · πdwire · p

4

√
1

kBmTbkgd
(A4)

·
(

CV (Ti)Ti − CV (Tbkgd)Tbkgd

NA

)

≈ αE · πdwire · 5p

4

√
kB

m

(Ti − Tbkgd)2

Tbkgd
,

(A5)

where αE is the energy accommodation coefficient of
molecular hydrogen on the wire, p is the pressure in the
chamber containing the wire detector, kB is the Boltz-
mann constant, m is the mass of a hydrogen molecule,
CV (T ) is the heat capacity of the gas (molecular hydro-
gen in this case), and NA is the Avogadro number. αE

describes the fraction of available kinetic energy that is
transferred to the collision surface and is set to 1 in the
example shown in Fig. 5.

- fbeam_gas: The heat transfer from the kinetic energy
of atoms and molecules in the beam hitting the wire.

fbeam_gas = fat + fmol, (A6)
fat/mol = nat/mol · dwire · αEat/mol · (A7)

CVat/mol(Tat/mol) · (Tat/mol − Ti) (A8)

where n is flow density [particles/(cm2s)] and αE is
the energy accommodation coefficient and Tat/mol is the
temperature of the gas coming our of the source. In the
example presented in this paper the gas temperature is
assumed to be equal to the source temperature.

- frec: Heat transfer due to the recombination of
hydrogen atoms from the beam on the wire.

frec = jHABS(θ(i); leff) · Φat · γrec · βrec · dwire · Erec

2
,

(A9)

where jHABS is the shape function of the beam eval-
uated at the angular position θ(i) of the wire ele-
ment, Φat is the total flow of atoms in the beam
(atoms/second) and Erec is the energy released when
two hydrogen atoms recombine into a molecule. γrec is
the likelihood of an atom which hits the wire to recom-
bine on the wire, βrec is the fraction of the recombi-
nation energy which is transferred to the wire in case
of a molecule is produced. These last two parameters
are poorly constrained but some rough values are avail-
able in the literature [16]. For the example shown in
Fig. 5 γrec and βrec are set to 1, since it will later sim-
ply become part of the fit parameter A. Choosing the

Fig. 12 Normalized local wire sensitivity ηwire. A larger η
indicates a larger resistance change for a given change in
input power. Sensitivity is highest in the center of the wire
with steepening decline to the ends of the wire

factor 1 minimizes the atom flux required to explain the
recombination signal that is measured, allowing for the
determination of a lower limit on the atoms actually
produced. This is desirable because producing a large
number of atoms is a requirement for the goals of the
Project 8 collaboration.

- fbb: Blackbody radiation from the HABS.

fbb = ε · σ · T 4
HABS · AHABS

l · dwire

4πr2
HABS

1
l
, (A10)

where σ is the Stephan-Boltzmann-constant, ε is the
emissivity and AHABS is the area of the source visible
to the wire, rHABS is the distance to the HABS from

the wire. The fraction of
AHABS

4πr2
HABS

yields the portion of

the field of view as seen from the wire which is glowing
hot at source temperatures.

Appendix B: Wire sensitivity

Using the simulation described in Sect. 4, a test heating
power can be applied to an arbitrary point of a simu-
lated wire in thermal equilibrium. By calculating the
total resistance of the wire with and without the test
point source, the change in resistance due to the test
source is determined. The position at which the test
source is applied is then shifted along the wire, until a
sample is generated at every segment of the simulated
wire. This allows for determining the relative effect of
a heating power based on the location at which it is
applied to the wire. The absolute size of the simulated
ΔR signal is deemed unreliable at worse than 10% accu-
racy, however the relative effect size should be much
better than that.
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In practice, a simulated 1 μW point source is applied
along the wire and ΔR induced in the wire resistance
is recorded. The values of ΔR are then normalized by
the average value ΔRavg yielding the relative wire sen-
sitivity

ηwire(xi) =
ΔR(xi)
ΔRavg

(B1)

with xi the position of the wire of segment i at which
the simulated point heat source is applied.

Sensitivity is highest in the center of the wire with
steepening decline to the ends of the wire. The change
in local wire sensitivity is caused by the fact that the
temperature profile is curved leading to places where
(primarily) thermal conduction is more or less effective
at carrying extra heat out of the wire. Figure 12 shows
the value of the relative wire sensitivity along the wire.

When using the wire this means that the part of the
beam hitting the center of the wire has a disproportion-
ate effect. This is accounted for by interpolating over
the ηwire(xi) of each segment and including the result-
ing function ηwire(x) in the signal model given in Eq. 9.

Efforts to directly measure the wire sensitivity using
a laser as a point source of heat are ongoing, but not
included in this publication.

Appendix C: Correcting calibration for tem-
perature distribution and resulting wire sen-
sitivity

The calibration method initially assumes that the wire
is heated equally in all places by the measurement cur-
rent. This is incorrect, but a convenient approximation,
because only the total resistance of the wire is measur-
able and therefore only an approximation for its average
temperature can be derived.

A better approximation can be obtained, by simulat-
ing the wire behavior.

The finite elements simulation results in a prediction
for the wire temperature profile in response to the heat-
ing due to the measurement current, shown in Fig. 13.

Of course the real calibration measurement already
includes these effects. What remains for us is to correct
the assumption, that k as calculated above is the aver-
age conversion factor for ΔR to power. As calculated,
it is actually already the conversion factor weighted for
the unequally distributed heating power. To get back
to the average conversion factor for a flat input power
the effect of the additional central heating needs to be
removed.

The difference in global calibration factor based on
the real input power distribution and a flat input power
can be interpreted as a correction factor c, the quotient
of the integrals over the power distribution weighted by

Fig. 13 Simulated temperature profile along the wire at
1mA measurement current. The maximum of the wire tem-
perature is reached in the center of the wire at just under
70 ◦C. There is a roughly 45 ◦C temperature difference to
the edges of the wire

ηwire along the wire

c =

∫
wire

I2Rdens(T (x)) · ηwire(x)dx∫
wire

I2 Rtot
lwire

· ηwire(x)dx
, (C1)

which simplifies to

c =

∫
wire

Rdens(T (x)) · ηwire(x)dx
Rtot
lwire

∫
wire

ηwire(x)dx
. (C2)

and finally

c =

∫
wire

(1 + a · ΔT (x)) · ηwire(x)dx∫
wire

ηwire(x)dx
, (C3)

where a is the temperature coefficient of resistivity and
ΔT = T (x) − Tavg. Tavg being the average wire tem-
perature that would result in it having a total resis-
tance of Rtot. The correction resulting from a simula-
tion at 1mA is c = 1.0228, meaning that the calcu-
lated keff = c · k is too high by this factor compared to
the equally distributed heating power assumption. The
accuracy of this correction depends on the accuracy of
the simulation, but since it is a fairly small correction,
even large inaccuracies in the simulation on the order of
10% would only translate into part per thousand level
changes to the calibration factor k.
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Appendix D: Axes definition

See Fig. 14.

Fig. 14 Half-sphere axes definitions. The HABS capillary
is indicated by the orange tube. The wire is oriented par-
allel to the x-axis in the wire plane. It can be moved in
the z-direction by a translation stage. The distance to the
capillary in the y-direction is fixed

Appendix E: Effective length over flow

This section contains the plots of extracted Prec for
0.2 sccm and 0.05 sccm along with fits. The method
is equivalent to the three-temperature-point method
demonstrated for a flow of 1 sccm in Sect. 6. The result-
ing values for leff are included in Fig. 11 (Figs. 15, 16).

Appendix F: Systematic errors from temper-
ature selection

For the 1 sccm flow setting we took additional z-scans
at additional intermediate temperatures below the dis-
sociation threshold. Additional scans were not taken for
every flow setting due to time constraints in the avail-
ability of the setup. Each of the z-scans with 38 posi-
tions requires about 80 h to measure with the procedure
presented in Fig. 6, such that the 6 datasets in Fig. 17
represent over 20 days of runtime alone. The three-
temperature-point method presented in this paper is
a deliberate minimum of runtime, to make it possible

Fig. 15 Extracted heating power attributed to recombina-
tion (Prec) for a flow of 0.2 sccm at 2211K source tempera-
ture, shown over the range of positions the wire was placed
at. The optimized beam shape model is plotted alongside.
PH2 (Eq. (20)) was determined using z-scans 1277 K and
298 K

Fig. 16 Extracted heating power attributed to recombina-
tion (Prec) for a flow of 0.05 sccm at 2211 K source tempera-
ture, shown over the range of positions the wire was placed
at. The optimized beam shape model is plotted alongside.
PH2 (Eq. (20)) was determined using z-scans 1277 K and
298 K

to search in other parts of the parameter space, such as
flow.

We use the additional z-scans to gauge possible sys-
tematic deviation in fit parameters due to the arbi-
trary choice of temperatures below the dissociation
threshold we used to fit Eq. 20. The secondary extrac-
tion procedure (Sect. 5.2) is performed using all possi-
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Fig. 17 Power detected on the wire after primary extrac-
tion (Pmeas) at 1 sccm for an extended range of source tem-
peratures. All datasets below 1600 K are below the dissoci-
ation threshold and measure a pure H2 beam. These data
sets are then used in the secondary extraction procedure, to
yield the effect of recombining atoms on the surface. Nega-
tive detected powers indicate a net cooling of the wire, which
is identified with the convection cooling due to gas pressure
in the detector chamber (fbkgd_gas)

ble combinations (containing between 2 and 5) of the
non-dissociating temperature setpoints (the set 1518 K,
1277 K, 1022 K, 739 K, 298 K). The sole dissociat-
ing temperature setpoint 2211 K must of course always
be included as Thigh. The resulting extracted powers
are then fit with Eq. 21. The resulting leff fit parame-
ter of all 26 combinations is shown as a histogram in
Fig. 18. The result of the three-point-method as used in
this paper is shown in green along with its error band.
Similarly the result of the extraction and fit based on
all 6 available datasets at once is shown in blue. The
extracted recombination power and its fit are shown in
Fig. 19. The value of leff = 4.48 ± 0.37 is statistically
compatible with the three-point-method result previ-
ously discussed.

This histogram is an imperfect proxy for systematic
error due to temperature setpoint selection. The entries
are clearly not entirely statistically independent as only
6 independent datasets exist. It is therefore unsurpris-
ing that the histogram does not approximate a normal
distribution well. Nevertheless it illustrates that three-
point-method using the 2211 K, 1277 K and 298 K
datasets presented in this work is a reasonable expe-
dient. For the systematic error bar displayed in Fig. 11
we use the span of all results for leff after excluding the
outlier at 5.24. This outlier is produced when extrapo-
lating from the 1277 K and 1022 K datasets. It is per-
haps unsurprising, that using datasets that are adjacent
in temperature are more prone to large variation due to
their shorter temperature baseline. The resulting span
range for is 3.79 to 4.67, which leaves the three-point-
method result of leff = 4.20±0.22 well centered within.

Fig. 18 Histogram of fit parameter leff when using all pos-
sible combinations of the sub-dissociation datasets to fit PH2

(Eq. (20)). The results of the fits using all available sets
at once (Fig. 19) and the three-temperature-method as pre-
sented in Sect. 6 are displayed with error bands

Fig. 19 Extracted heating power attributed to recombina-
tion (Prec) for a flow of 1 sccm at 2211K source temperature,
shown over the range of positions the wire was placed at.
The optimized beam shape model is plotted alongside. PH2

(Eq. (20)) was determined using all available z-scans below
the dissociation threshold: 1518 K, 1277 K, 1022 K, 739 K
and 298 K

This span is plotted in orange as a systematic error bar
in Fig. 11.
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