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In this study, AISI 1020 low-carbon steel was investigated as a cost-effective alternative to
SS316L stainless steel for reaching extreme high vacuum (XHV) conditions. After being baked
at 400 °C, a vacuum chamber made of low-carbon steel material exhibited an outgassing rate
approximately 2000 times smaller than a similar chamber made of stainless steel. Its activation
energy for hydrogen diffusion (27.00 kJ/mol) is less than half that of stainless steel (60.30 kJ/mol),
indicating more efficient hydrogen removal during bakeout. MolFlow+ simulations supported the
experimental data and demonstrated the importance of system geometry optimization and
minimizing stainless steel content for achieving optimal vacuum performance. AISI 1020's
magnetic properties, typically considered disadvantageous for accelerator applications, could
benefit spin-polarized electron sources by shielding photocathodes from stray fields while
simultaneously providing improved vacuum through reduced outgassing. To optimize AISI 1020's
performance in XHV systems, practical considerations include pre-baking protocols and careful
system design to minimize stainless steel components.
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1. Introduction

Today's state-of-the-art spin-polarized photoelectron guns operate in the ultrahigh vacuum
regime at pressures around 1072 Torr, which limits beam delivery duration and maximum
achievable currents [1,2]. While stainless steel materials such as AISI 316L are widely used for
vacuum systems due to their strength and corrosion resistance, they come with challenges -
particularly hydrogen outgassing, which can limit the achievable vacuum and increase pre-
treatment costs. For heat treatment of stainless steel at temperatures between 150 °C and 250 °C
(bake duration ~48 hours), published literature shows general consensus: one can expect hydrogen
outgassing rates in the range of 10~'* Torr L/s/cm?. However, reports of outgassing rate reduction
following 400 °C bakeout show considerable variation, with improvement factors ranging from
10 to 500 [3-6]. At Jefferson Lab, where considerable effort has been made to minimize
outgassing, heat treatments of stainless steel performed under vacuum at 400 °C for 48-100 hours
typically reduce outgassing by factors of 10-20, yielding rates in the range of 10™'* Torr L/s/cm?
[4]. These variations in reported outgassing rates highlight the challenges of achieving and
maintaining extreme high vacuum conditions using stainless steel chambers.

AISI 1020 low-carbon steel has emerged as a promising alternative for XHV applications. Our
measurements demonstrate that AISI 1020 low-carbon steel can achieve hydrogen outgassing
rates approximately 2000 times lower than AISI 316L after heat treatment at 400 °C, with rates
reaching as low as 2.35x107'¢ Torr L/s/cm? [7]. This dramatic improvement surpasses previously
reported results for similar materials, which range from 4.70x107'* to 3.10x107'3 Torr L/s/cm? [5]
and 4.40x107'* to 1.30x107'* Torr L/s/cm? [8]. This improved vacuum performance could enable
longer uninterrupted beam delivery and higher beam currents than achieved today, which is
critical for the development of polarized positron sources [9,10].

Typically, low-carbon steel is not considered for accelerator application because it is
magnetic. But for spin-polarized beam applications, this could serve as an advantage by shielding
photocathodes from stray magnetic fields in polarized electron sources, thereby enhancing beam
stability [8].

While low-carbon steel shows promise for XHV applications, its integration requires careful
preparation. Surface contaminants must be removed through acid etching and pre-baking, and
high-temperature exposure can lead to magnetite formation, affecting outgassing performance
[11-16]. Moreover, the pressure achieved inside a photogun is not solely dependent on the
outgassing properties of the photogun vacuum chamber: a photogun includes the ceramic
insulator, the photogun electrodes which might be made of stainless steel, and components like
valves which undoubtedly will be made of stainless steel, and there is the connection to the
accelerator beamline. In our test setup, stainless steel components contributed approximately 5%
of the total surface area, and MolFlow+ simulations suggest that reducing this contribution to
below 1% could enable pressures in the 102 Torr range [17,18].

This article examines the system-level improvements needed to optimize low-carbon steel for
XHYV applications. To compare the performance of low carbon and stainless steels under various
vacuum conditions, we employed experimental measurements using ion pumps (25 L/s N2) and
NEG pumps (50 L/s Hz), MolFlow+ simulations, and surface science evaluations. Surface
contamination, oxidation effects, and mixed-material considerations significantly impact vacuum
performance [3,5,15,16]. Understanding these challenges is crucial for optimizing both material
behavior and system design.
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2. Design and Experimental Approach

This experimental study utilized vacuum chambers constructed from 122 cm long tubes with
6.35 cm outer diameter, compatible with standard DN63 Conflat flanges. Test chambers were
fabricated from both AISI 1020 low-carbon steel and 316L stainless steel, with the 1020 tubes
featuring thicker walls (4.4 and 5.7 mm) compared to their stainless-steel counterparts (0.5 and
1.0 mm).

Material preparation proved critical for achieving optimal vacuum performance. The as-
received 1020 tubes exhibited significant surface contamination requiring rigorous cleaning
protocols. The cleaning procedure involved immersing the tubes in hydrochloric acid diluted with
deionized water to achieve 18.25-19% HCI concentration. After approximately one minute of
etching, the tubes were immediately rinsed with deionized water, followed by acetone, and dried
using filtered nitrogen gas. The tubes were then sealed in clean room bags with nitrogen backfill
until assembly. For comparison, stainless steel components underwent standard ultrasonic
cleaning in mild alkaline detergent. However, previous studies have shown that different surface
treatments, such as acid etching, electrochemical polishing, and hydrogen treatment, can
significantly alter the outgassing characteristics of stainless steel by reducing the desorption of
water and CO/N:z [19]. Research has demonstrated that electrochemical polishing and dissociated
hydrogen gas treatment result in lower desorption rates compared to conventional detergent-based
cleaning, suggesting that the choice of surface preparation method plays a critical role in
outgassing behavior [19].

Two distinct configurations were employed, as described below. In both configurations,
Conflat end flanges were made of 316L stainless steel. For the chambers made of low-carbon
steel, these end flanges were vacuum degassed at 400 °C for 48 hours before welding to minimize
their outgassing contribution. For the low-carbon steel chambers, stainless steel components
contributed approximately 5% of the total vacuum-exposed surface area.

3. Results
3.1 Hydrogen Outgassing Rates and Activation Energy

The first setup utilized the accumulation method (rate-of-rise) following American Vacuum
Society recommendations [20,21]. As illustrated in Figure 1, a schematic of the outgassing rate
measurement setup is shown in Figure 1, employing a spinning rotor gauge (SRG) to monitor
pressure changes after isolating the chamber from the turbomolecular pump system. The
outgassing rate q was calculated using:

q = (AP/At)x(V/A) Torr L/s/cm? Eq. 1

where V is the chamber volume, A is the surface area, and AP/At represents the pressure rise rate.
The SRG was programmed to measure hydrogen (mass 2) pressure directly.
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Figure 1: A schematic of the H, outgassing rate measurement setup.

To evaluate reproducibility and treatment effects, we tested two chambers of each material.
The first stainless steel chamber (designated 316L#1) was tested without pre-treatment, while the
second (316L#2) underwent vacuum degassing at 400 °C for 24 hours prior to testing. Similarly,
we prepared two low-carbon steel chambers (1020#1 and 1020#2) to investigate different heat
treatment protocols.

The hydrogen outgassing measurements for stainless steel chambers provided essential
benchmarking of our experimental setup. The untreated 316L#1 chamber exhibited an outgassing
rate of 5.75%107'2 Torr L/s/cm? following bakeout at 150 °C. Pre-baking 316L#2 at 400 °C for 24
hours reduced the outgassing rate to 5.60x107'* Torr L/s/cm?, demonstrating the effectiveness of
thermal treatment. While this reduction is smaller than some reports in the literature, it aligns well
with previous measurements at Jefferson Lab, where 400 °C treatments typically reduce hydrogen
outgassing by factors of 10-20, yielding rates in the 107'* Torr L/s/cm? range.

The 1020 low-carbon steel results proved particularly noteworthy. Without pre-baking,
1020#1 achieved an outgassing rate of 3.90x10°'* Torr L/s/cm? after just 150 °C bakeout -
matching the performance of 316L#2 after 400 °C treatment. Even more remarkable was the
dramatic reduction seen in 1020#2 after 400 °C bakeout, reaching 2.40%107'¢ Torr L/s/cm?. This
represents a 2000-fold improvement over similarly treated stainless steel.

Previous studies of low-carbon steel have reported outgassing rates ranging from 4.4x107'° to
1.30%107" Torr L/s/cm? following bakeout at 80 °C [8], and 4.70%107'* to 3.10x107"* Torr L/s/cm?
after 150 °C treatment [5]. Our result following 400 °C treatment represents the lowest reported
hydrogen outgassing rate for this class of materials as shown in Figure 2. Notably, these
measurements were not corrected for gas contributions from the stainless steel components
integral to the assembled apparatus [7].

Analysis of the temperature-dependent outgassing behavior revealed significantly different
activation energies for hydrogen diffusion in the two materials. The low carbon steel exhibited an
activation energy of 27.0 kJ/mol, less than half that measured for stainless steel (60.3 kJ/mol).
This lower activation energy indicates more efficient hydrogen removal during bakeout,
consistent with the observed improvements in outgassing performance.
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Figure 2: Comparison of hydrogen outgassing behavior for AISI 316L stainless steel (left) and
AISI 1020 low-carbon steel (right) measured at room temperature following various heat
treatments.

3.2 Ultimate Pressure Measurements

The second configuration focused on achieving minimum pressure using a combined
pumping approach. As shown in Figure 3, this setup employed:

e Anion pump (nominal 25 L/s N2 pump speed)

e A non-evaporable getter pump (nominal 50 L/s H2)

e A bakeable all-metal gate valve for pump isolation

e An extractor gauge for accurate pressure measurement

Chambers were initially evacuated using a turbomolecular pump to approximately 1.00x1078
Torr before transitioning to the ion/NEG pump combination. The NEG pump was activated per
manufacturer specifications, with liberated gases removed via the turbopump. A LabVIEW-based
system monitored pressure and temperature throughout testing.
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Figure 3: Setup for ultimate pressure measurement.

The ultimate pressure (Pu) in a vacuum system is governed by the balance between
outgassing rate (q) and effective pumping speed (S):
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P = qA/S Eq 2

where A is the chamber surface area. This relationship directly connects lower outgassing rates to
improved vacuum performance.

Ultimate pressure measurements confirmed that 1020 outperformed 316L under identical
conditions. The system achieved pressures as low as 1.00x107'" Torr after a 250 °C bake,
approximately 10 times lower than 316L's best performance of 8.60x10'! Torr after 400 °C bake,
as shown in Figure 4. However, an unexpected observation emerged at higher temperatures: 400
°C bakeout of the 1020 system resulted in slightly degraded vacuum performance compared to
the 250 °C treatment. This performance degradation at elevated temperatures correlates with
significant surface oxidation of the low-carbon steel, as discussed below. This uncontrolled oxide
formation at higher temperatures likely contributes to the observed vacuum performance

limitations [15,16].
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Figure 4: Ultimate pressure achieved at room temperature after 100 hours of NEG/ion pump
operation, plotted versus the temperature of prior heat treatment for (right) 1020 and (left) 316L
chambers.

3.3 MolFlow+ Simulations

Our experimental measurements revealed distinct outgassing characteristics between 1020
and 316L chambers. While the 1020 low-carbon steel exhibited an outgassing rate 2000 times
lower than 316L after 400 °C treatment (2.35x107'¢ vs 5.75%107'2 Torr L/s/cm?), the ultimate
pressure improved by only a factor of 10. MolFlow+ simulations helped explain this apparent
discrepancy and identify paths to better performance.

Simulations were first performed using measured outgassing rates for 316L stainless steel
(2.00x1072 to0 5.00%107'2 Torr L/s/cm?) to estimate the pump speed at the location of the extractor
gauge. When the pump speed at the location of the extractor gauge was set to values between 28
and 35 L/s, the simulation accurately predicted the measured pressures on both sides of the
vacuum system as shown in Figure 5 (left). These pump speed values align well with the
conductance calculation using the formula for molecular flow through a long tube, which predicts
~27 L/s for our geometry.

Next, using these validated pump speeds, simulations were performed for the low-carbon steel
vacuum chamber. When outgassing rates were set to values between 1.00x107'¢ and 6.00x107'¢
Torr L/s/cm?, the simulation predicted the pressures that were measured on both sides of the
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vacuum apparatus (Figure 5, right). Importantly, this range of outgassing rate is consistent with
the measured values noted above.
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Figure 5: Molflow+ simulation results - pressure profiles along the length of the tube-shaped
vacuum apparatus: (left) The simulation accurately predicts measured pressure at both ends of
the stainless-steel apparatus when pump speed was set to values between 28 and 35 L/s at the
location of the extractor gauge, (right) simulations predict the measured pressure at both ends of
the AISI 1020 low-carbon steel system when outgassing rates were set to values within the
range of 1.00x107'¢ to 6.00x107'¢ Torr L/s/cm?. This range is consistent with measured values.

Most significantly, the simulations revealed that stainless steel components, despite
comprising only 5% of the total surface area, created localized pressure gradients that limited
overall system performance. As shown in Figure 6, reducing stainless steel content below 1%
could enable pressures in the 107" Torr range. This finding has important implications for
photogun design - components traditionally made of stainless steel, particularly the electrodes,
would need to be fabricated from low-carbon steel to achieve optimal performance [1,2,22].
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Figure 6: Predictions of ultimate pressure versus stainless steel surface area fraction for pump
speeds of 28 L/s (black line) and 35 L/s (red line). The experimental data point (blue circle)
represents our current setup with ~5% stainless steel contribution. Vertical dashed lines indicate
90% and 99% low-carbon steel composition thresholds.



Lessons from AISI 1020 and 316L Comparative Studies A. H. Al-Allaq

4. Surface Oxidation and Its Effect on Vacuum Performance

Understanding surface transformations in AISI 1020 low-carbon steel under various heat
treatments proved crucial for optimizing vacuum performance. Test coupons (5 mm? surface area,
2.7 mm thickness) prepared from similar 1020 stock underwent similar heat treatment followed
by systematic characterization using energy-dispersive X-ray spectroscopy (EDS), scanning
electron microscopy (SEM), and atomic force microscopy (AFM).

Surface analysis revealed distinct oxidation stages correlated with vacuum performance. As
shown in Figure 7, SEM imaging demonstrates the dramatic evolution of surface morphology
with temperature. At 250 °C, the oxide film consists of laterally spread colonies with layered
structure, suggesting a magnetite-rich composition. This treatment temperature coincided with
optimal vacuum performance. At 400 °C, larger swollen oxide grains indicate extensive oxidation
and growth, corresponding to slightly degraded vacuum performance compared to 250 °C
treatment. For comparison, a steam-treated reference sample exhibits a distinctly different
columnar oxide structure with vertical grain orientation.

Quantitative surface characterization revealed systematic evolution with temperature
treatment, as shown in Figure 8. Surface roughness increased from approximately 4 nm at 75 °C
to 21 nm at 400 °C, while grain size grew from 15 nm to 78 nm over the same temperature range.
The crystallite size of the magnetite phase also demonstrated significant growth, increasing from
18 nm at 250 °C to 42 nm at 400 °C. This crystallite growth correlated with increased oxygen
content, which jumped dramatically from 2.40% at 250 °C to 30.60% at 400 °C.

XRD and EDS analyses provided complementary evidence for oxide formation and
composition changes, as shown in Figure 9. At temperatures above 250 °C, distinct diffraction
peaks characteristic of magnetite (Fe;O.) and hematite (0-Fe:0Os) phases emerged. The oxygen
content showed a corresponding increase with temperature: from 1.73% at 150 °C to 2.40% at
250 °C, followed by a substantial rise to 30.64% at 400 °C. The steam-treated reference sample
showed the most pronounced oxide peaks, confirming the successful formation of a thick oxide

layer.

Figure 7: SEM images comparing surface morphology of 1020 coupons treated at 250 °C (top),
400 °C (middle), and steam-treated reference sample (bottom).
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Figure 8: Evolution of surface properties with temperature: (a) Surface roughness and grain
size, (b) FesOa4 crystallite size and oxygen content, demonstrating systematic surface

transformation with increasing temperature.
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Figure 9: (a) XRD patterns and (b) EDS spectra of 1020 coupons subjected to various heat

treatments, showing progressive oxide formation and increased oxygen incorporation.
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5. Conclusions

This study demonstrates low-carbon steel's potential as a cost-effective alternative to stainless
steel for extreme high vacuum (XHV) applications. The remarkable reduction in hydrogen
outgassing ~2000 times lower than 316L after 400 °C bakeout - establishes 1020's viability for
achieving pressures in the XHV regime. However, our findings emphasize that while the
outgassing rate of 1020 can reach 2.35x107'¢ Torr L/s/cm?, achieving optimal system performance
requires careful attention to mixed-material effects, as untreated stainless-steel components can
significantly impact overall vacuum achievement.

Surface oxidation studies on test coupons made of AISI 1020 low-carbon steel revealed the
formation of magnetite (FesO4) and hematite (a-Fe20s) at elevated temperatures, with complex
implications for vacuum performance. While controlled oxide formation appears beneficial up to
250 °C, extensive oxidation at 400 °C correlates with slightly degraded vacuum performance.
Surface analyses demonstrated systematic evolution of roughness, grain size, and oxide
composition with temperature, providing insight into optimal processing conditions.

To quantify potential benefits for actual photogun systems, we calculated achievable
pressures using P = qA/S for the CEBAF photogun geometry (surface area A = 9230.95 cm?)
across a range of pump speeds, as shown in Figure 10. The present CEBAF 200 kV DC high
voltage photogun employs six NEG modules providing approximately ~ 8000 L/s total pump
speed (indicated by vertical dashed lines). At this pump speed, today's stainless-steel system with
outgassing rates of 1072 to 10~ Torr L/s/cm? should reach pressures in the low 1072 - 10!* Torr
range. Pressure measurements made using a similar photogun vacuum chamber corroborate these
values [23]. For a new photogun made using low-carbon steel and employing the same NEG
pump array, the simple expression noted above indicates the pressure within the photogun could
reach into the 107!® Torr range. But this implies everything within the photogun be made of low-
carbon steel, which might not be possible. For example, a reliable photogun must employ a
cathode electrode that produces no field emission when biased at high voltage. It is unknown if
low-carbon steel represents viable material for manufacturing electrodes: field emission studies
of electrodes made from low-carbon steel represents an important next step. In addition, the
adjacent beamline made of stainless steel could represent a significant gas load into the photogun.
Detailed MolFlow+ simulations are warranted to optimize the photogun-to-beamline connection.

Although much work remains, the insights from this work suggest that significant
improvements in XHV system performance and cost-effectiveness are achievable through the
strategic use of low-carbon steel when proper design considerations are implemented.
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Figure 10: (top) Cutaway view of the CEBAF 200 kV DC high voltage spin polarized
photogun, (bottom right) Calculated ultimate pressure versus pump speed for various outgassing
rates, using actual CEBAF photogun surface area. (bottom left) The curves demonstrate

potential vacuum improvement through systematic reduction in the outgassing rate from 1073 to
107¢ Torr L/s/cm?.
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