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So, welcome to this feedback webinar on the monopole shift, our first physical phenomenon in 
hyperfine interactions. And before we come to the science, some housekeeping, because there 
are a few administrative announcements to make. Well, the first one, which is not on the list, 
that this webinar started with a little bit of delay. I had a technical issue, but that seems to be 
solved now. So, what are the other housekeeping announcements? The post first function of 
the forums does not seem to work properly this year. With the change of website, something 
has been broken there, and some people let me know that after they posted, they could not 
see the posts of the others. So therefore, I have disabled that feature for the time being, but I 
forgot to do that for one of the forums of the past week, and that was fixed a few days ago. So 
in case you struggled with that, that's the explanation. I will probably, well, I will disable the 
post first for all the coming weeks, but maybe I forget one, so then in that case, please let me 
know. That is something you are doing really well this year. So if there is an incorrect link 
somewhere, the wrong video, because due to the change of the website, there are quite a bit 
of things that are still not in their proper place, but you always inform me about it, and so far I 
think I could correct it quickly. So thanks to your help, the website is getting in a better and 
better shape. Some people wondered, what about the forums? I see my Google mail there for 
instance, or how do I know when the forum is submitted correctly? Well, usually these forums 
work flawlessly, Google is very stable in that respect, so I always receive your answers, don't 
worry about that, and also don't worry about the email suggestion you see there. Yes, if you 
are logged in to the Google environment, then you could still see your own submitted forum 
and maybe even make changes to this afterwards, but that is really not needed, so you don't 
have to worry about being logged in to Google or not, the forum will work perfectly fine even 
if you are not logged in. Then there was somebody worrying, I didn't receive any mail from the 
mailing list yet. Well, there was not really a reason to send emails so far, so I made a list with 
all the people who are officially registered from the Belgian universities, and if there is an 
urgent administrative announcement, I will use that list, but if there is no need for I will keep 
your inboxes clean, so it's not a problem that you didn't receive an email from me yet. And I 
also noticed last minute that there are some questions in the Are You On Board forum for the 
past week that are not relevant anymore, because there is a change in how the content is 
ordered compared to the previous years, and the questions in the Are You On Board forum 
were still referring to the content sequence of last year. So apologies for that, that will be 
corrected for the future. That's it for the administrative housekeeping, let's go to the science, 
and everything this week was focused on the monopole shifts. Somebody wondered, well this 
module started with an overview of the framework, and that we have studied last week, and I 
see that in the next weeks we always start with that same short summary of the framework, 
why is that repeated every week, we know it by now. I'm very happy to see that you know it by 
now, that's very good, that was the purpose. The reason why this summary is there, is that the 
course is not only meant for the linear type of studying that you are doing, so we start at 
module 1, and together we go in 12 weeks until the last module, that's the linear approach, 
but the course is also available for people who want to learn on one specific topic, and imagine 
there is somebody googling for where can I find information on the monopole shift, ah I have 
this particular, I see here a course with a module on the monopole shift, ok I will study that, 
but if you don't know that framework that is behind, and this course makes, the explanations 



make use of that framework, and you will not find that framework easily in other places, so 
therefore for these people I give a short summary of the framework at the beginning of these 
modules. If you know the framework, then just skip that, then it is of no use for you anymore. 
In the second half of the course, when we will be dealing with experimental methods, there 
will be another short summary video that is not yet there for the time being, but it will be by 
the time you will tackle these modules, so there will be another short summary video about 
the summarizing picture that is the basis for all these experimental methods. But it is not 
meant for you, it is meant for the people who just pick out one or two modules of this course. 
Something is wrong here, let me check one moment. I don't know what happened, ok now I 
understand, it is by having been in a rush, due to that of this course. Technical problem, but 
this is easily solved. Let me wait to see on the other screen, yes it is there. What did you study 
in the module on the monopole shift? We looked at this table here, where you see at the left 
hand side, the column at the left hand side, that is the multipole expansion, with in green the 
monopole term, then thereafter there is the quadrupole term, then the hexadecupole term 
and so on. That is our pure multipole expansion, that is valid when the nuclear coordinates are 
always smaller than the electronic coordinates. And what you see there colored in green, the 
monopole term, that is the only term you have met so far when you were doing atomic physics 
or solid state physics, everything you do there is the monopole term, the point nucleus that is 
interacting with the electron cloud. The module of the past week, that was focusing on 
corrections to that monopole term, which are due to the fact that nuclei, nuclear coordinates 
are not always smaller in length than electronic coordinates. In other words, electrons can 
enter inside the nucleus and that gives rise to violation of that condition and therefore 
correction terms that appear. Most of the time I call them corrections, but in the video at some 
places there is also, the word that is also used is the word overlap, the charge distribution of 
the electron cloud overlaps with the charge distribution of the nuclei, that is another way of 
saying that this condition is violated and somebody asked the explicit question, what do you 
mean with overlap, well what I just said. You can keep the word overlap as a synonym for this 
particular condition has been violated. So we see here in this table the focus of the present 
module. There was a confidence statement, I can draw a scheme to explain how overlap 
corrections, there you have the word, appear as an infinite correction series to the different 
multiple orders of energies. Well, there is quite some hesitation here, the curve peaks at 4, so I 
am not very confident about that, therefore let me stress that the picture you see here on the 
top half of your screen, that is the answer to this question. If you can draw this picture, then 
you understand what is meant here. So with a multiple series that goes up to infinity here in 
the first column, and if that particular condition, that overlap condition is not satisfied, then 
you have an infinite series of correction terms to each of the multiple orders. So there is a first 
order correction to the monopole term, that is the first order monopole shift, there is a second 
order correction to the monopole term, that is the second order monopole shift, and that goes 
up to infinity, the end order monopole shift. And the same you have for the quadrupole term, 
there is a first order quadrupole shift, a second order quadrupole shift and so on. Now the 
boxes where you have red in this table, these are so small that I am not aware of any situation 
where they have ever been studied where they can be relevant. The black boxes, these are 
cases that have been studied, some of them many many times, some of them only in exotic 
situations. Good, with that framework in mind, let's tackle the first question, I asked you, 
imagine that you are an observer who sits inside the hydrogen nucleus and you observe the 
behavior of the 1s electron of the hydrogen atom over time. How would you describe to a 15 
year old child the time averaged position of this electron? The question is formulated in a 



particular way, why do you have to explain that to a child, because I want you to make the 
exercise to get rid of the mathematical terminology you usually use to discuss these topics. 
Let's use images and let's try to find images that both are clear, a 15 year old child should be 
able to understand it, and that are correct, that represent the correct physical interpretation. 
So let's see what you answered on this. A first answer is most of the time the electron orbits 
around the nucleus at a constant radius which is called the Bohr radius. I wouldn't call this a 
correct description, that's a classical picture, the electron as a planet, and sometimes that 
works, but especially for our purposes here for the monopole shift that is not useful, the 
monopole shift would not be there if the electron is on this classical Bohr radius. Another 
answer, the 1s electron in hydrogen is most likely located inside the nucleus with a decreasing 
probability to find the electron farther and farther away from the nucleus. Strictly spoken, I 
would not say that this answer is correct, because it is not true that the highest probability 
over time to find the electron is in the nucleus, although you can argue about it depending on 
which type of probability you consider. This answer here is very likely inspired by the radial 
probability density, which you see there on the bottom half of the slide for the hydrogen, 1s 
atom, a function that peaks at r equals 0, that peaks at the nuclear position and that 
monotonously decreases. We will come back to that, because I want to contrast this with 
another type of answer. You see the answer in red, I will read part of it with you. Looking at the 
radial probability of observing a 1s electron at a certain radial distance, we see one peak, and 
yes you cannot put pictures on the forum, but I put there the picture for you. You see the 
radial distribution function, and there is a particular distance from the nucleus where that 
function peaks. So the answer continues that probability density is completely spherically 
symmetric, it depends only on the radial distance r, therefore the electron can be anywhere, it 
can be very close to the nucleus or very far away, but on average it will spend more time near 
that peak position because that is where the probability is highest. Two different answers, one 
says the probability to find the electron is highest near the nucleus, and that is inspired by the 
radial probability density, the other one says the electron can be everywhere, but the 
probability to find it is highest near a particular distance from the nucleus, and that answer is 
inspired by the radial distribution function. And these two pictures are related, if you multiply 
by the surface of a sphere you transform the radial probability density in the radial distribution 
function. But which one is the correct intuitive interpretation? Let's come to that, but I want to 
illustrate the correct interpretation with a really nice story that one of you described and I 
really like this one. If I would have to explain this to a 15 year old child, this would be the 
approach I would take. I will not read the entire text, but I will give you the image that is used. 
Imagine that the nucleus is at the center of a tree, not the roots of the tree, not the stem, but 
the branches. So a spherical set of branches of the tree with the nucleus at the center. And 
now there is a bird, which is the 1s-electron, and that bird is hopping from branch to branch. 
Sometimes it's here, sometimes it's there. And every time when it lands on a branch, then 
suddenly a leaf appears there. And that leaf stays even if the bird has jumped to another place. 
So gradually, with the bird hopping around, you see more and more leaves appearing on the 
tree, and these leaves keep track of where the bird is most frequently. The question we really 
want to answer is, what is the distribution pattern of these leaves? Where do you find most of 
the leaves? Let's see how the two functions I showed on the previous slide, how they can be 
used to answer that question. So I have here the representation of that tree. The nucleus is at 
that central position there, we look only at the part with the branches. What does the radial 
probability density tell us? That means you take any position inside the branches, and you 
count in a unit volume there how many leaves you see. I have indicated two of these positions, 



two of our test boxes where we will count the number of leaves, and you will see that you find 
in such a box more leaves if you are close to the nucleus. That is what the radial probability 
density tells us. The radial distribution function, this has a different interpretation, there you 
also take a certain volume and you count how many leaves are in that volume, but that volume 
is not a small unit box, no, it is a spherical volume, well not a sphere, but a thin layer with 
some volume at a certain distance from the nucleus, and you count how many leaves are in 
there. And the larger that sphere becomes, the farther away you are from the nucleus, the 
larger that volume becomes, because that volume is basically the surface of the sphere, a thin 
area close to the surface of the sphere, so that increases with the radius squared. The larger 
the radius, the more of that volume, so the more leaves you will count. And that together with 
that radial probability density, that gives rise to that peaked pattern. There is one particular 
distance from the center of the tree where you will count in absolute terms the largest number 
of leaves in that spherical shell. If you go farther away, then there will be less leaves at a given 
position, and you will have to distribute them over a larger volume, so the curve goes down. If 
you would go closer to the nucleus, you will have more leaves at a given position, but the 
volume of that spherical shell is smaller, so the curve goes down as well. That is the correct 
interpretation of what the hydrogen electron does around the hydrogen nucleus. So the 
overall conclusion from this question is that I hope we have now a good mental picture to 
explain what it means that the s-electrons in hydrogen and any s-electrons can have a non-
zero probability to be inside the nucleus. Their point probability can be very high, but the 
nuclear volume is so small that this will not be the place where they spend most of their time, 
but they can appear there. In the video this was illustrated with pictures like this, where you 
have that radial probability for in red s-electrons, in blue p-electrons, so you see that this is a 
property that is only present for s-electrons. In a relativistic picture also for p1 half electrons, 
but much less than it is for s-electrons, so in a first approximation only s-electrons enter the 
nucleus. And if you want to see the explicit expressions, here you have a quote from another 
website where you have that radial probability density in an explicit expression. I asked you to 
take a closer look at the expression for the monopole shifts, and well you can interpret the 
expression that you see here at the bottom of the screen as an extra electric potential at the 
nuclear position, because the electron cloud, it generates an electric potential at the nuclear 
position, and the nuclear charge interacts with that potential, that is what the regular 
monopole term tells us, but the monopole shift, that's an extra contribution to that potential. 
However it's a contribution that is not created by the electron cloud alone, there is a property 
of the electron cloud that contributes to it, namely the probability to find an electron at the 
origin of the axis system in the center of the nucleus, that's the rho e at zero term, but on top 
of that there is also a nuclear property that contributes to that potential, and that was not the 
case in the regular monopole term, and that nuclear property is the mean square radius. Now 
the funny thing is that this extra potential that grows if the nucleus becomes larger, and we 
want to make the thought exercise, what would happen if the nucleus would be infinitely 
large, then that potential would be the dominant term. So the monopole shift would be the 
largest effect, and that is strange, there must be something wrong in that reasoning. So what is 
happening here? Let's look at your answers, and the first answer is that extra potential is due 
to nuclear screening. And that is a misunderstanding, so I will not read the rest of the answer, 
but what is meant here by nuclear screening? Electrons that are farther away from the nucleus 
in a multi-electron atom, they do not feel the bare nuclear charge, they feel a smaller effect of 
the nucleus, because the electrons that are in lower shells, they partially screen the nucleus. 
So this answer was thinking that that potential, that extra potential from the monopole shift, 



that that is something similar to that nuclear screening. And that is not true at all, because we 
can discuss the monopole shift even for the hydrogen atom with one single electron, so there 
is no screening whatsoever. That is not the right way to go. In another answer, the reasoning is, 
well, we are using perturbation theory here. The monopole shift is a perturbation of the 
regular monopole turn, so therefore in the spirit of perturbation theory, this must be a small 
effect, and it must remain a small effect, whatever the nucleus is. Okay, but that does not 
really answer the question, because I would want to know, why do we know that that term is 
really small? Because I have shown, you can blow it up if you want, if you take a really large 
nucleus, you make it definitely not small anymore. There are people who answer this in a 
nuclear physics way, and they say, well, the nucleons are kept together by the strong force, and 
that strong force is so strong that you are not allowed to make the size of the nucleus larger. If 
you keep the same number of nucleons, they must stay in a small area. And that's of course 
true, but that was not what I was aiming for here. I really want to do the thought experiment 
that you change the radius of the nucleus without changing anything else. Now the correct 
answer you see here, and I will read that one. I think that the thought experiment is not 
correct, that that term can never become that large, because if we would make the nucleus 
infinitely large, our assumption that the length of the nuclear position vectors is always smaller 
than the electronic position vectors will not be true anymore. And that's the point indeed. We 
have made that multipole expansion with the small correction terms as the first order 
monopole shift. We have made that first for the multipole expansion in the assumption that 
the condition that is given here is always true. And if that condition is not always true, if it is 
slightly violated, then we can correct for that by the first order monopole shift. But if we would 
make our nucleus larger and larger, that condition will be less and less true and it will not be a 
small perturbation anymore. We would still be able mathematically to describe such a system, 
but you would need much more than just the first order monopole shift. Somebody protested 
against this exercise and called it an unphysical and therefore useless exercise. I wouldn't say 
so. The exercise was meant to realize once again when are we allowed to make the 
approximations we make and when are we not. So nature, by keeping the nuclei small but still 
larger than a point, nature gives us that type of nuclei and in that situation our assumptions of 
making a multiple expansion with small corrections, that is justified. But it's not justified for 
any possible system. It really works in these specific conditions. And it's good to remind 
ourselves regularly about it what are the limitations of our approximations. So the first order 
monopole shift, that is this correction due to electrons that can every now and then be inside 
the nucleus. We elaborated a bit on this with another type of atoms and let's again think about 
something like the hydrogen atom only for the sake of simplicity, but rather than having an 
electron orbiting the nucleus we have a muon orbiting the nucleus. Same charge as the 
electron but a much larger mass. That is what is called a muonic atom and I asked you about a 
muonic atom. You know the radius, the most likely radius of the electron in hydrogen. The 
Bohr radius 0.5 Angstrom, that's the maximum of this radial probability function. What would 
be the radius of such a muonic, what would be the 1s radius for a muonic hydrogen atom? 
That was the question and that's a rather straight forward calculation, many of you found it. I 
show here one possible answer, the answer is that muon is on a classical Bohr orbit with a 
radius of 0.002 Angstrom, so much closer, more than 200 times closer to the nucleus than the 
electron would be. One of you called this not a really interesting exercise because this was kind 
of trivial, so why did I ask this? Not really to make this indeed a straight forward estimation, 
but to think more deeply about the small size of that radius. The muon is really close to the 
nucleus, and that means it's still a 1s orbital, so it has a probability to be inside the nucleus, 



but because the peak of that curve is so much closer to the nucleus, the muon will be inside 
the nucleus much more often than the electron is. And therefore if you want to give a 
mathematical description of muonic atoms, then this first order monopole shift will not be 
enough, there is so much charge inside the nucleus, electron charge, muon charge inside the 
nucleus, that you will need higher correction terms than just the first order monopole shift. 
Also the second order monopole shift will be relevant for muonic atoms. So in order to realize 
this more clearly, I asked you to make that trivial exercise. In the video it was said that muonic 
atoms were something that is made in the 60s and by now the machinery to do so is not 
available anymore. That's not true anymore. The research about muonic atoms has been 
revived and at the Paul Scherer Institute in Switzerland You have nowadays a setup where 
routinely muonic atoms are studied. So if you want to read more about it, then I give here a 
link and be sure that this is something that these people have to care about these higher order 
monopole shifts. As we are talking about exotic atoms, there is more you can do with exotic 
atoms rather than replacing an electron by a muon. You could also play with matter-antimatter 
and you could take an antiproton which is negatively charged and a positron which is positively 
charged and create a hydrogen atom out of that, so antihydrogen. And you could wonder what 
is the monopole shift of antihydrogen and compare that with the monopole shift in regular 
hydrogen. Are they the same or not? And can we relate that to properties of matter, to 
fundamental properties of matter? If we replace every particle by its antiparticle, will all the 
effects stay the same or will there be some small differences that can point us to the 
underlying reasons why matter is more dominant than antimatter. So this too is a research 
field where hyperfine effects do play their role and if you want to read more about that you 
have some links here. In that same video there was one specific question about this diagram 
for lithium. So somebody said yeah I know we have seen these term symbols last week but I'm 
still confused in this diagram what they really mean. Okay let's go through the meaning of 
these symbols here again. The first thing you have to realize is that this is a little bit different 
than a normal atomic diagram because it involves different charge states. This is not a diagram 
for neutral lithium, it's even not a diagram for ionized lithium, it's a diagram for multiple 
ionizations of lithium. You have at the bottom, the bottom two cases are for lithium plus, so 
two electrons orbiting the lithium nucleus, then you have lithium plus plus, so one electron 
orbiting the lithium nucleus, and the upper limit that's the completely ionized lithium situation 
so where there are no electrons anymore, or where the electrons are at infinite distances. And 
remember in our very important picture number one, we looked at these upper levels, so for a 
given state of the nucleus we had that upper level where all electrons were away from the 
nucleus at infinite distances, and that's the same reference level that is used here in this 
picture. So let's look then at that bottom situation, can we understand the term symbol, and in 
the upper right corner I summarize the meaning of the term symbol, so upper index 2s plus 1, 
then this letter that gives the orbital angular momentum, and lower index the j that gives the 
combined angular momentum, the total angular momentum. So if we have a 3s1 as in that 
lower case, what does that mean? The 3 means that the total spin must be 1, the s means that 
the total orbital angular momentum must be 0, and the j is the combination of both, but with 
1 and 0 you can have, sorry this is a typo of me, it's not j equals 0, it's j equals 1, it's 3s1, so 
with 1 and 0 you can have only 1. Let me immediately correct that to avoid any confusion. So 
there we have the correct description. Can we understand this from the situation that is 
sketched at the left? So it is told there, before they write the term symbol, that these two 
electrons in this single ionized lithium atom are in the 1s and the 2s orbital. So we have two 
electrons in two different orbitals, their spins can be parallel, so twice 1 half, that sums to our 



total spin 1, that will be the low energy configuration. They are both in an s orbital, so none of 
these contributes to orbital angular momentum, so the total angular momentum is indeed 0, 
and they must combine to a total, did I say total angular momentum in my previous sentence, I 
meant total orbital angular momentum, and the total angular momentum, spin plus orbital of 
this situation must combine to 1. So that is completely consistent. And you find at the right 
hand side the same level, 3s1, and this is because you see here three atomic diagrams, so 
lithium with an infinitely heavy nucleus, which is an imaginary example, and then two real 
isotopes, lithium 7 and lithium 6, so if you take the infinitely heavy nucleus, or the real 
nucleus, you will have a different energy, part of which is due to the monopole shift. The real 
monopole shift in this situation, the one we have been discussing, are the differences between 
the lithium 6 and the lithium 7. If you go to higher orbitals, still for single ionized lithium, now 
we have one electron in the 1s orbital, and the other electron in the 2p orbital, that's still total 
spin 1, but now total angular momentum 1, 0 from the s orbital, 1 from the p orbital, and 
these can combine to a J that is either 0 or 1, and the levels that are shown here are the ones 
with J equals 0. And you can go higher, if you go to double ionized lithium, then there is only a 
single electron, and then you have the same term symbols as you have for the hydrogen atom, 
and so on. So I hope that with this, the ones who struggle with these symbols can understand 
that picture better. Then we come to the toy model for the monopole shift, which is something 
that several people indicated that they enjoyed, and so, short reminder, what was that toy 
model about? We have a nucleus which is just two point charges connected by a rigid rod, and 
we have an electron cloud that is given by these two static fixed red electrons. And we wonder 
how that nucleus behaves in that given charge distribution, what is the orientation of that 
nuclear dumbbell. That was our initial toy model, we can calculate the energy as a function of 
orientation of that nucleus, and now we modify slightly that toy model, we put an extra 
charge, minus epsilon, in the center of the nucleus, as if part of the electrons penetrate into 
the nuclear volume. And we wonder what will change to the energy. Well, if we look back at 
the monopole shift that we derived in general, we realized that that monopole shift was 
always a positive contribution. The negative charge distribution with the minus sign, and the 
positive mean square radius of the nucleus, that always leads to a positive overall effect. Due 
to the monopole shift, the energies rise always. But in this particular toy model, a very simple 
case, the most simple case we can imagine, with the correct definition of the sign of all the 
objects, we see that this correction term, this monopole shift, is negative. How can that be? 
There is a contradiction here. That was the puzzle I put in front of you. Let's look at your 
answers. Somebody tried, well, in the original case, the charge distribution of the nucleus, 
meaning the charge distribution of the electrons in the nucleus probably is uniform. Well, I 
don't really understand what the answer tries to tell, because the two electrons outside the 
nucleus, they do not contribute to a charge distribution inside the nucleus, they are 
completely outside. Even their electric field is not uniform inside the nucleus, because you 
have, this would be the case if you would have a spherical charge distribution around the 
nucleus, but not with these non-spherical two charges there. So there is definitely not, there is 
never a uniform charge distribution due to the electrons in the nucleus. And also the nuclear 
charge distribution is not uniform at all, you have these two point charges, you don't have a 
spherical nucleus, you have the two point charges. So from neither side you can claim that 
there is anything uniform here. Another answer, when we add a negative charge in the 
nucleus, the Coulomb force between the negative charge and the two positive charges is 
attractive, yes. As a result, the mean square radius will decrease, which will lower the energy 
as a consequence. Well, I assume that these two nuclear charges are connected by a rigid rod 



that has no mass, that has no charge, so this distance is fixed. And the extra electron charge in 
between cannot do anything. And even if that would be allowed, even if that nucleus would 
become smaller, why would that explain that you go from a positive contribution for the 
general monopole shift to a negative contribution, maybe a little less negative, in this 
particular example. So no, this is not the right explanation. An other attempt that shifts is 
positive, because we have a negative charge here. And therefore the correction term will be 
negative. But we always have a negative charge in the monopole shift. It's always electron 
charge that is appearing in the nucleus. And in the general formula, that negative charge leads 
to a positive correction, while in the formula here for the toy model, it results into a negative 
correction. So no, this is not a proper answer. And somebody tried, well, in a real atom, part of 
the electron charge is inside the nucleus, while here in that toy model, you add extra electron 
charge inside the nucleus. Rather than taking it away from these two given electrons, you add 
something extra. And I agree, this is a situation where that toy model is a little bit different 
from the real situation. But if you work out what is the size of that effect, you would find that it 
is really small. So it's a valid approximation to take this toy model as a representation of the 
monopole shift. If you would keep the electron charge constant, that would be possible, but 
your expressions would be much more complicated, and the physics would not change. But 
you could not know that, without numerical verification you could not know that. Good try. 
What is the real explanation? Is that positive contribution for the monopole shift, that was just 
that first turn of an infinite correction series. And what we have calculated for the toy model, 
that was the exact correction. We didn't make an approximation in that toy model. So we did 
not reproduce the first order monopole shift, we reproduced the sum of all infinite monopole 
shifts. And we have no information about what is the sign of the second or third order 
monopole shift. I never claimed that these have to be positive too. If you would write the first 
order monopole shifts for the toy model, you would find something positive, just as the first 
order monopole shift has to be, it is always positive. But if you then add the second order 
monopole shift and the third order and so on, everything together would result into something 
negative. For the toy model, these higher order corrections are not small at all, while for the 
real atom they are increasingly small and therefore it is just the first order monopole shift that 
is really important. That is the explanation of this apparent contradiction. So we have for the 
toy model what we calculated is this infinite sum in the red boxes there. There were some 
confidence questions that are appropriate now, explaining what the first order monopole shift 
is, that is about the box that is indicated, the second order monopole shift, and something we 
will study later in a bit more detail, the first order quadrupole shift, which is the corresponding 
correction term to the quadrupole interaction. But we haven't looked at the quadrupole 
interaction yet, so therefore we cannot really tell something about the quadrupole shift yet. 
Then there was a confidence statement, again with hesitation, about the meaning of the 
isotope and the isomer shifts, and how can you tell where you see these, how can you 
understand that these are two different representations of the more general monopole shift. 
Because there was a lot of hesitation here, let me reformulate this again. Now in terms of the 
toy model, if we call the difference in energy between the two toy models, if that is due to an 
isotope shift, what does it mean? Well we have energy levels of two different atoms with 
different isotopes of their nuclei, for instance a carbon 13 and a carbon 14 nucleus, and these 
isotopes do not necessarily have the same mean square radius, they have the same charge but 
not the same mean square radius. So you see that one dumbbell is a bit shorter and the other 
dumbbell is larger, so therefore because two isotopes do not need to have the same mean 
square radius, the energy levels of these two systems can be slightly different. That is an 



isotope shift. An isomer shift, that is if you measure the energy levels when the nucleus is 
decaying, say imagine the nucleus is at a particular level with a particular mean square radius, 
it's in one isomeric state and then it decays and it ends up or it passes through another 
isomeric state with a different radius, well then the energy levels will be different. And that 
effect is called the isomer shift. Both isotope and isomer shifts are seen in the same monopole 
shift term, that's why the word monopole shift is the more general one, but you have two 
different ways how to create these differences in the mean square radius, either by different 
isotopes or by different isomers. Okay, that finishes your tasks, let's see how the time is doing, 
okay we have still even with the delay, absorbing the delay, we still have 10 minutes left and 
that will be perfect for a small bonus, something well that I thought was interesting to do, let's 
look at the web of science for recent publications within the past year where the monopole 
shift has appeared. So to illustrate to you two things, first that this is something that is being 
studied in ongoing research or at least that it plays a role in ongoing studies and two that you 
have after having studied this module that you have the knowledge to make sense of such 
papers. So I've taken two papers from the past year, one from nuclear physics, one from 
molecular physics where the monopole shift plays a role and the one from nuclear physics is 
one from FISR-FC 2022, a Japanese group that did laser spectroscopy on two platinum 
isotopes. We will tell something about laser spectroscopy when we are dealing with the 
experimental methods but so far it's just sufficient that this is a way to measure these energy 
levels in our very important picture number one. And you can read for instance in that paper 
the shifts in the atomic energies of the ground state and an excited state. So I have put the 
very important picture number one at the right hand side and you have seen in the original 
picture the black lines at the right hand side. These were the two possible lines with a 
monopole shift in an excited electronic state. Maybe I should go to the pointer to indicate this 
and so we had here an excited electronic state with a fine structure and in the lowest fine 
structure level we see the effect of the monopole shift depending on what is the mean square 
radius of the nucleus we can have two different positions of these lines here. That would be 
the difference in energy levels in the excited state. For the ground state which I have added 
here in red, the electronic ground state, we can have here two different positions due to the 
monopole shift and that energy difference is this one. Depending on which isotope you take, if 
you now examine transitions between the ground state level and the excited state level for a 
given nucleus with a given mean square radius, that transition energy will depend on the mean 
square radius of the nucleus so you will observe a difference in transition frequency and that is 
what in this paper is measured. They quote here one result, for instance the isotope shift for 
200 platinum compared to 198 platinum, that's the reference level. Everything here in this 
column, they show the monopole shift with respect to 198 platinum, so for 200 platinum it 
turns out to be a frequency difference of 2.69 gigahertz. That is the experimental result. Why 
do they do that? If they have measured isotope shifts, which is an experimental observable, 
we know that this is related to mean square radii, and depending on the situation, there are 
some details here that are not too relevant for us, but depending on the situation you can 
either apply a model on the measured isotope shifts to get the mean square radii, or in 
favorable situations it's even unique, whatever model you take you will get the same answer. 
So by measuring isotope shifts you effectively measure mean square radii. So this is a way how 
nuclear physics can increase the information on mean square radii of different isotopes. So an 
illustration from recent nuclear physics research where the monopole shift plays a role, a 
second illustration from molecular physics, an Indian paper from 2022 about dysprosium 
atoms, single ionized dysprosium atoms, which is called dysprosium 2 in the terminology of, 



well I called it molecular physics, it's even atomic physics, in the atomic physics terminology 
dysprosium 2 means single ionized dysprosium. There is a very interesting description in the 
paper, I put here the text and I indicate the relevant block and I encourage you to read this 
either, so later not now, either from the screen or by downloading the paper yourself, because 
what they describe there about what they call the field shifts, that is exactly what we have 
discussed in the past week in our version of the monopole shift. So if you want to hear this 
explanation in a different language written by, independently by other people, then this is a 
good text to try. And what did they actually measure? They measured transitions in the 
electronic levels, so this could be part of our very important picture number one, where you 
have here at the left hand side, at the left hand side you have the energy levels of the system 
for one isotope of dysprosium, at the right hand side you have it for the other isotope. And 
now I have to look what the numbers mean, how they are defined. They add here a number in 
parentheses, and here you have another number, and this number is the difference between 
both. So these differences, these energy differences here are the isotope shifts. But I forgot, 
and it's not mentioned in the caption, where these numbers themselves come from. Is this 
referenced to the pure monopole situation? That I don't dare to say now. But the message 
from this picture is, if there wouldn't be the isotope shifts, then all the levels here at the right 
hand side would be the same as the levels on the left hand side. What is the purpose of doing 
these measurements? Well you see here electronic configurations that are mentioned. And 
okay, I will probably have to come back to it, because I'm now confusing the things, because 
you have different electronic configurations and different isotopes, and how does this all mix 
together? I saw it clearly when reading the paper, but now it escapes me. Sorry for that. Just 
summarizing, what was the purpose of doing this? By measuring these experimental 
monopole shifts, they can find out what electronic configuration is present in these atoms. 
Because in a real atom, you often have a mixture of different electronic configurations. It's a of 
different electronic configurations. It's a unique mixture, but how do you know what is the 
contribution of every separate electronic configuration? Well, the monopole shift is a kind of 
fingerprint for that. You can compare a measured monopole shift with a prediction based on 
calculations that examine the individual configurations, and then you can find out what is the 
real mixing between configurations for that particular atom. So that is the background in which 
these monopole measurements are used here. Okay, that brings us to the end, exactly at the 
right time. So as usual, I stay for half a minute longer to see if there is anybody who wants to 
ask a specific question in the chat. That does not seem to be the case, that does not seem to 
be the case, which means that we can stop here, and then I see you next week for the 
magnetic hyperfine interactions. Bye-bye.   


