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Introduction

The study of material science at cryogenic tempeeatis full of challenges. The nature of work eamabsolute
zero requires a thorough understanding of theaotems of the room temperature environment on the
experimental space. A researcher and colleaguesaidd¢o me, “The only thing worse than a high wexu
experiment is a cryogenic high vacuum experiméfid; cryogenic experiment is anticipated to tak®o8rs, it
will take three days, if anticipated to take 3 datwill take 3 weeks.” Most often, the pain oft temperature
research results in lost time and lack of compieselts. Both of which are vital to a researchkowants to be
first to publish great data.

Although closed-cycle low temperature systems lpaogressed significantly over the years, many appbns
require much greater performance than what is cawiaily available on the market. The state of the a
technology available for optical cryogenic reseastilhlacks in performance capabilities and malkes
temperature research difficult and time-consumargtie scientist. Many issues remain unsolved.

We contacted several scientists active in the #eld collected their thoughts on why low temperatesearch
is so difficult.

Many people who are familiar with low temperaturerkvwill find the information in this article verfamiliar.
This paper was written with the researcher in mitd is an expert in materials science or optict)dss
familiar with the challenges of research at lowpenatures. The author identified and studied tis=sees as he
developed a new cryogenic optical platform, theoStgtion. We hope you find value in becoming naweare
of the issues involved in low temperature reseaidhis awareness may help you anticipate and astoigrises
in your low temperature work, and also appreciagetéchnology that has been developed to solvisshes.

Cryogenic research is valuable...and challenging

Researchers are doing material science investigatiblow temperatures for many applications incigd
spectroscopy, microscopy, nanotechnology, highgpiresstudies, and magnetic studies. There are reaspns
for studying materials at low temperatures. Temafjpee can be viewed as a measure of the kinetigygrof
particles, therefore removing the thermal noiserfloan be critical to discovering subtle phenomenasome
cases the desire is to achieve an improved signaise ratio and find signals buried in the thdnmaése floor,
while in other cases, the absence of thermal ermagates an environment where physical changdeto t
material occur. Regardless of the purpose foreatig low temperatures, the successful practicpliegdion of
experiments at low temperatures is dependent upanaell many of the associated challenges are ageil

The challenges
Cryogenic research poses many challenges:

Vibrations

The demand for cryogenic systems based on closad-3chnology is increasing and there is a
significant shift away from using liquid cryogemspecially Helium. This shift has many similastie
the historical shift from ice blocks delivered déoroor, to the electric refrigerator with the inig
upfront cost and need for power. Except this tithemajor challenge to the acceptance and use of the
closed-cycle cryogenic refrigerator is the unstaaleple environment it creates. Vibrations and
thermal fluctuations limit many types of reseamltliosed-cycle refrigerator systems. Current 4K
cryocoolers (both Gifford McMahon “GM” and Pulsel¥a“PT”) suffer from vibrations at the cooled
stage of as much as 60 microns and thermal fluongbf about 0.25- 0.5 Kelvin. Thermal fluctuatso
will be discussed in the next sections so we'llfoon vibrations here. The most significant vilorain
a cryocooler is due to the low frequency oscillggomessure which expands the pressure tubes and
causes the cold stages to not only move, but tiagnatural frequency of one hundred hertz to a few



hundred hertz each time the pressure pulse exbitsibes. Pressure tubes in both GM and PT
cryocoolers tend to be very stiff structures widinwlittle damping and ring like tuning forks. Bel
Tubes tend to have larger pressure tube vibratltars GMs because rather than having a concentric
tube construction they often have separate tubéshvdarry the gas in and out of the system. This
causes an out-of-phase push-pull fight betweersttdsulting in X, Y, and Z vibrations on the ordér
30 to 60 microns. A GM system in contrast onlyerignces a comparable vibration in the Z direction,
while X and Y vibrations tend to be on the ordkea dew microns. With either cryocooler, vibratfon
need to be isolated from the sample platform. BAeaosource for vibrations in cryocoolers is frora th
internal mechanical components, such as the retdwes, scotch yoke, bearings, bushings and etectri
motors. GM’s have higher internal component vibrat than Pulse Tubes, mainly due to their need to
convert rotary motion into linear motion of themlecers. These internal vibrations need to baied|
from both the sample space as well as the optatde tbecause noise on the laser or optics is gust a
troublesome as noise at the sample.

So how much vibration is acceptable? Every apitinehas different requirements. In many
microscopy and spectroscopy applications, less 1Bamanometers is required, while others have
thresholds of hundreds of nanometers. In manysdhselevel of vibrations required are not yet know
by the researcher. If the sample moves with redpdbie beam, the signal is effectively smeared,
causing laser line broadening and lower resolutisnlts. Vibrations axial to the beam path can
introduce Doppler effects on measurements. Clogel-optical cryostat products currently offered
either isolate from vibrations at the expense @rapng at higher temperatures or they achieve low
temperatures (4K) but do not isolate from vibrasiol€ustomers have to choose one or the othereor a
forced to go back to using an open-cycle Heliumscoming solution. Additionally, some current
solutions require the customer to do elaborate @iippstallations in order to isolate the samptair
vibrations. The fact that researchers have todéeshether or not a low-vibration cryogenic system
necessary is indicative of the early stage thaecticommercial cryogenic technology is at. By
analogy, when shopping for a new car it is anaweht to consider whether the car will go 80mph on
the freeway or not. Auto technology has advanceti shat it is expected that if acceleration to Am
is needed to pass a truck on the freeway, the ipeaiace is there. It seems appropriate that the
researcher should be able purchase a cryogenensystowing that a fundamental need such as a stable
sample area that is adequate for today’s and likehorrow’s requirements is as standard as freeway
speeds in a car. Closed-cycle cryostat technakgijll a field that is ripe for innovative solatis.

Thermal Fluctuations

All cryogenic systems, both liquid helium-based] atosed-cycle have thermal fluctuations on
the long and/or short timescale. Liquid heliumdshsystems tend to have long-term temperature drift
fluctuations, and some systems require some typetefnal PID control loop to stabilize. Closediey
cryocooler systems tend to suffer from short tduntéiations of 0.25 to 0.5 degrees at the mechhnica
frequency of the system which is approximately 1 Hzhe cryocooler sample stage has a heat load o
it, the fluctuations quickly go up because betweach gas expansion cycle where the cooling occurs,
the input heat raises the temperature of the sastpdee. Some vibration isolation stages reducenler
fluctuations because they add thermal resistantveclea the sample and the oscillating cryocooler
stage. This is not an ideal method for decreasiagnal fluctuations because the added thermal
resistance directly affects the base temperatuteaoling capacity of the system at the sample. An
ideal way to reduce thermal fluctuations is to @ase the thermal capacitance without increasing the
thermal resistance. In practice it is possibleeh@large degree of thermal damping (effectiventiabr
capacitance) with effectively no thermal resistaadded to the system. An increasing number of
applications are limited by thermal fluctuatiortsor example, some cryogenically cooled optical
materials can be used as a frequency refereneefioely stabilizing lasers, and have a seventlerord
temperature dependence at 4K. In this case, fitionns of more than 10-20mK are limiting.

Positional Drift

For many microscopy and spectroscopy applicatibagpbsition of the sample needs to remain
fixed over large temperature ranges. In this ceample temperature directly affects the thermal
contraction of the materials supporting the sam@eme cryostat sample stages which are suppoyted b



long stainless steel tubing can move hundreds ofans as the temperature changes from 300K to 4K.
Large drifts like this necessitate frequent re+aiignt of optics, and make automation experimengs ov
any significant temperature range impractical. Moaterials undergo most of their length changmfro
room temperature to about 50 K and contract mush below this temperature. However, even below
10K materials undergo some temperature dependegthiehange which can be significant for
applications with nanometer-level sensitivities.

Maintenance

Cryocoolers are mechanical systems with movingspamt need maintenance both on the
compressor and the cryocooler head. Howeverjdtuse area that may have some generally accepted
misconceptions. Some cryocooler manufacturers hragde nice recurring revenues from the rebuild of
cryocooler heads every 10,000 hours. What is rpaigful is the time necessary to wait for the gyste
to come back from the factory. This has been gdiyarnderstood by the customer as a black-box
system that can only be rebuilt at the factorytrlith, a cryocooler rebuild involves a total deav
hundred dollars in parts that can be replaced dutathe same time it takes to fill a bath cryostilh
liquid cryogens. This can be done on-site, byraise technician or, in principle it could even d@ne
by the customer themselves if equipped with somts pimols and a little guidance. Instead of segdi
an entire system back to the factory, an infrequelntild for both the compressor and cryocooledhea
can be inexpensive and require almost no downtinkeép a system running for over 25 years.

Sample area access and wiring

Anyone with some level of cryocooler experience peobably remember days (and nights
before a deadline) of lying on your back or sittorgthe floor staring up into the dark sample spce
cryostat with a flashlight in one hand, allen keytie other, being careful not to snag the smaksvi
dangling down. Alternatively, if possible, the vila@ryocooler gets flipped upside down until the
sample is installed and wiring thermally laggedgging wires, or thermally grounding wires that run
into the sample space can be an unexpected challend every wire that runs from 300K to the sample
area should be thermally attached to an intermedémperature stage to avoid excessive heat loads o
the sample stage. The challenge is where and aivech the wires. The location most access#le i
the radiation shield surrounding the sample, howeatéaching wires to this often means you no longe
have access to the sample area because the radiatgdd must be in place. Wrapping wires down the
pressure tubes of the cryocooler and lagging afitstestage works, but then the entire cryostasinte
dismantled (probably upside-down again) in ordenéke a simple change and if there is any vibration
isolation in place the job becomes more difficAlhce a location is found for lagging wires, a methso
needed for holding them in place without damagivent but with enough force to effectively pull heat
out. Most tapes with adhesive should be avoidedusexunder vacuum the volatiles in the adhesive wil
just fly away and freeze onto every surface, incigdhe sample and cold windows. Other methods
include dental floss, varnish, and cotton padsofmercial cryogenic system should have a well
thought-out method for the average user to rumgimto the sample space. This can be one of the
most time-consuming parts of experimental setupaut a good method and system.

High utility consumption

Laboratory managers are constantly faced with bggrating costs of their equipment. The
world’s finite supply of helium is concentratedrpdrily in inclusions in natural gas fields and sost
have skyrocketed lately in some nations. In sommuies the demand for military or industrial Hatiu
has left researchers with high costs or no avditgbiHistory will look back one day, and pondeeth
days of shipping around liquid helium dewars, ammetimes even venting every drop of boiled-off
helium to the atmosphere.

Many labs maintain costly helium recovery systemsrgocooled recondensing units which
extend the useful life of the liquid helium systeah®ady in use. With closed-cycle technology mgki
its way into the labs, the long-term utility tradt-is helium consumption costs for electricity ts
The bigger obstacles for labs are that many ofaiger cryocooler compressors need 5-7kW or more
input power and water cooling.




Condensation, frost and contaminates.

All materials and every interface leaks at some.réthat this means for a cryogenic system, is
that the air that leaks in, has to end up on samface as a frozen solid. Some applications arsitbee
to tiny ice crystal formations on the sample. Manyogenic systems during cooldown will have the
sample stage colder than the rest of the cryostach causes the surfaces at the sample stagethe be
primary surfaces that will cryo-pump or freeze jgées inside the vacuum. Ideally, the sample space
will lag the other temperatures stages of the ¢aga@nd be the last to reach the base temperature.
Radiation shield enclosures and activated chaamsdrbers can be designed and strategically ptaced
protect the sample from foreign contaminates. Alsipful, is to have a sample stage that can beetiea
up above 270K and cooled back down to temperathiie weeping the cryocooler below 77K. This
provides the ability to clean a sample in-sitts Ibften overlooked that the cleanliness of thécapt
cryostat can be controlled by venting up with cldangas, rather than air. Air can contain many
contaminates that should be kept out of cryoststesys, but two at the top of the list are wated, an
helium. Water is a culprit because of its strodgesion to all the surfaces which soak up evergthin
they can when a system is vented up from high vactielium can exist in high concentrations in the
air where liquid helium is in use. In both caghese contaminates can be difficult to get ouhef t
system once in, and it is much better to not intoedthem to the clean cryostat and optical surfates
all. Nitrogen is good to vent up with because idiy, and any contaminates that evaporate when the
system warms up, readily attach to nitrogen mokscahd will be completely vented out of the system
if some positive flow is maintained for brief tim&eeping a little positive flow of nitrogen gasrohg a
sample change and otherwise keeping the cryostsedlup can help keep surfaces clean between
cooldowns.

Limited flexibility

Current optical cryogenic systems have limitedifidity to perform the wide range of
applications that exist. This forces the researthéecide between doing major custom modificattons
a current system or purchasing a new system lauiktdch specific technique. Presently the research
is unable to add a variable magnetic field, higkspure, positioning stages, have the sample cbgled
gas or by vacuum, and have side and top and bafptical access for simultaneous microscopy and
spectroscopy without buying multiple cryogenic syss$ for each specific requirement or doing multiple
custom modifications. Ideally, an optical cryogesystem would utilize modular options to allow a
flexible sample environment that can be adapted faariety of experiments and grow as a researsher
needs change over time.

In summary, cryogenics adds an exciting dimengiaes$earch that can open new doors to valuablerialate
science knowledge and also is a minefield of timestiming challenges. The main reasons for these$an
time are:

Handling and scheduling the use of liquid cryogens

Consistent monitoring by the researcher of pumprdmate, vacuum levels, fill rates, cooling
rates, temperature ramping and stabilization, epid cryogen levels. (aka “nursing the cryo”)
Vacuum leaks

Poor thermal contact and thermal shorts

Clouding of cold optical surfaces or sample duedistaminates

Vibrations and thermal fluctuations limiting result

Customization necessary for a wide range of aptjbica

The challenges listed here are a general collectiott hopefully provide a useful background indhea of low
temperature research. Certainly there are moréaolas than listed here, such as challenges ahditpies for
sample mounting, which sounds like a useful topicahother paper.
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Our passion:

Montana Instruments had these challenges in mirehuiey designed the Cryostation optical platform.
Issues including vibration, thermal stability, sdenaccess, multiple-application flexibility and aotation were
addressed, and we believe we’ve created some tolmusmew value in the field of low temperature aesle.
Our team is passionate about innovation, and ektitée changing the rules for low temperature grpmnts,



all so that we can create value for researcherklwiate by making them more effective at gettinguits
“That’'s why we exist — to make cold science simpleis is our passion.”

Luke Mauritsen, President
Montana Instruments

For more information or to make comments on this aticle, contact us at:
info@montanainstruments.com
(406) 551-2796




